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ON APPEAL TO THE BOARD OF PATENT APPEALS AND INTERFERENCES 

APPELLANTS' BRIEF 



MAIL STOP APPEAL BRIEF - PATENTS 

Commissioner for Patents 
P.O. Box 1450 

Alexandria, Virginia 22313-1450 
Dear Sir: 

This Appeal brief is filed in response to the Communication mailed on October 31, 2005 
requiring the Appeal brief to be compliant with the format requirements of 37 C.F.R. 41.37(c). 
An Appeal Brief was timely filed with the required fees and a Request for extension of time on 
August 22, 2005 in the above captioned patent application. A Final Office Action was mailed on 
November 18, 2004 and a Notice of Appeal was filed on January 20, 2005. Appellants hereby 
request consideration and appeal to the Board of Patent Appeals and Interferences from the final 
rejection in this case. 

The Commissioner is authorized to charge any fees which may be required, including 
extension fees, or credit any overpayment to Deposit Account No. 08-1641 (referencing 
Attorney's Docket No. 39780-2730 P1C30 . 
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In addition, Appellants request the PTO to take note of the Revocation and Power of 
Attorney and Change of Address filed on February 20, 2003, and kindly direct all future 
correspondence to the address indicated, i.e., to: 

CUSTOMER NO. 35489 

Ginger R. Dreger 
Heller Ehrman White & McAuliffe LLP 
275 Middlefield Road 
Menlo Park, California 94025 
Telephone: (650) 324-7000 
Facsimile: (650) 324-0638 

The following constitutes the Appellants' Brief on Appeal. 

I. REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the parent application, U.S. Serial No. 09/941,992 recorded November 16, 2001, 
at Reel 012176 and Frame 0450. 

II. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to a polypeptide referred to 
herein as "PRO1097". There exist two related patent applications, (1) U.S. Serial No. 
09/997,614, filed November 15, 2001 (containing claims directed to PRO 1097 polypeptides), 
and (2) U.S. Serial No. 09/989,723, filed November 19, 2001 (containing claims directed to 
nucleic acids encoding PRO 1097 polypeptides). These two related applications are also under 
final rejection from the same Examiner and based upon the same outstanding rejection, therefore 
appeal of these final rejections are being pursued independently and concurrently herewith. 

III. STATUS OF CLAIMS 

Claims 1 19-123 are in this application. 
Claims 1-118 and 124 have been canceled. 

Claims 1 19-123 stand rejected and Appellants appeal the rejection of these claims. 

A copy of the rejected claims in the present Appeal is provided in the Claims Appendix. 
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IV. STATUS OF AMENDMENTS 

In an Amendment filed on March 10, 2005 after the mailing of the Final Office of 
November 18, 2004, a request under Rule C.F.R. §1.48 for correction of inventorship was filed, 
and this amendment was entered for purposes of this appeal. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application is related to an isolated antibody that 
specifically binds to the polypeptide of SEQ ID NO: 349 (Claim 119), referred to in the present 
application as "PRO 1097." The invention is further directed to monoclonal antibodies (Claim 
120), humanized antibodies (Claim 121), antibody fragments (Claim 122), and labeled antibodies 
(Claim 123) that specifically bind to the polypeptide of SEQ ID NO: 349. The PRO1097 gene 
was shown for the first time in the present application to be significantly amplified in human 
lung or colon cancers as compared to normal, non-cancerous human tissue controls (Example 
170). 

Support for the preparation and uses of antibodies is found throughout the specification, 
including, for example, pages 390-395. The preparation of antibodies is described in Example 
144, while Example 145 describes the use of the antibodies for purifying the polypeptides to 
which they bind. Isolated antibodies are defined in the specification at page 315, line 31. 
Support for monoclonal antibodies is found in the specification at, for example, page 390, line 
17, to page 392, line 3. Support for humanized antibodies is found in the specification at, for 
example, page 392, line 4, to page 393, line 6. Support for antibody fragments is found in the 
specification at, for example, page 314, line 30 onwards. Support for labeled antibodies is found 
in the specification at, for example, page 316, lines 3. 

The polypeptide of SEQ ID NO:349 is designated PRO1097, and its amino acid sequence 
is shown in Figure 244, while the encoding nucleic acid sequence (SEQ ID NO:348) is shown in 
Figure 243. The specification discloses that various portions of the PRO 1097 polypeptide 
possess significant sequence similarity to the glycoportease family of proteins and the 
acyltransferase ChoActase/COT/CPT family (see, for example, page 218, lines 31-34). The 
isolation of cDNA clones encoding PRO1097 of SEQ ID NO:349 is described in Example 107. 
Examples 140-143 and page 376, line 12 onwards describe the expression of PRO polypeptides 
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in various host cells, including E. coli, mammalian cells, yeast and Baculovirus-infected insect 
cells. 

Finally, Example 170, in the specification at page 539, line 19, to page 555, line 5, sets 
forth a 'Gene Amplification assay' which shows that the PRO 1097 gene is amplified in the 
genome of certain human lung or colon cancers (see Table 9, page 550). The profiles of various 
primary lung and colon tumors used for screening the PRO polypeptide compounds of the 
invention in the gene amplification assay are summarized on Table 8, page 546 of the 
specification. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

1 . Whether Claims 119-123 should be accorded priority of provisional Application 
60/141,037, filed 19 November, 2001. 

2. Whether Claims 1 19-123 satisfy the utility/ enablement requirement under 35 
U.S.C. §101/1 12, first paragraph. 

VII. GROUPING OF CLAIMS 

With respect to Issue 1, all claims (Claims 1 19-123) stand and fall together. 
With respect to Issue 2, all claims (Claims 1 19-123) stand and fall together. 

VIII. ARGUMENTS 
Summary of the Arguments: 

Issue 1 : Utility 

The instant application has not been granted the earlier priority date on the grounds that 
"although disclosing the same experimental assays as the instant specification, do not enable the 
instant invention and therefore do not impart Utility. . ." 

Appellants submit that data derived from the Gene Amplification assay was first 
disclosed inU. S. Application Serial No. 60/141,037, filed 19 November, 2001 for the claimed 
PRO 1097 and antibodies thereof. Appellants further submit that, the same detailed reasons 
discussed below under the section on Issue II: Utility/ Enablement, are sufficient to also establish 
patentable utility for U. S. Application Serial No. 60/141,037. Hence, Appellants should be able 
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to rely upon this provisional application to provide an effective filing date of 19 November, 2001 
for the instant application. 

Issue 2: Utility/ Enablement 

Claims 1 19-123 stand rejected under 35 U.S.C. §101/ 1 12, first paragraph as allegedly 
lacking either a specific and substantial asserted utility or a well established utility. Appellants 
have previously submitted that patentable utility for the PRO1097 polypeptides is based upon the 
gene amplification data for the gene encoding the PRO1097 polypeptide. The specification 
discloses that the gene encoding PRO 1097 showed significant amplification, ranging from 2.313 
to 2.346 fold in two different lung primary tumors and 2.114 to 2.532 fold in three different 
colon primary tumors . Therefore, such a gene is useful as a marker for the diagnosis of cancer , 
and for monitoring cancer development and/or for measuring the efficacy of cancer therapy. 

In the first Office action mailed June 10, 2004, the Examiner cited references Hittelman 
et al. and Crowell et al, to show that "a slight increase in clone numbers in a cancerous tissue is 
no doubt due to an increased number of chromosomes, a very common characteristic of 
cancerous and non-cancerous epithelial cells." Appellants submit that, in fact, the Hittelman 
reference supports the Appellants position that there is utility in identifying genetic biomarkers 
in epithelial tissues at cancer risk (see Hittelman, abstract, line 4-7). 

The Examiner further cited references Skolnick et al, Bork et al., Doerks et al., 
Hesselgesser et al. and Blease et al. to show that "function cannot be predicted based solely on 
structural similarity to a protein found in sequence databases." Appellants had argued in their 
response of September 10, 2004 that Appellants assertion for utility of PRO 1097 was not based 
on structural similarity. 

The Examiner further asserted in the Final Office Action mailed November 18, 2004 that 
amplification of the PRO 1097 polynucleotide does not impart a specific, substantial, and credible 
utility to the PRO 1097 polypeptide and antibodies thereof since, "there is no evidence regarding 
whether or not PRO 1097 mRNA or polypeptide levels are also increased in (these) cancer." In 
support of this assertion, the Examiner cited references by Pennica et al., Haynes et al. and Hu 
et al. 

Appellants submit that, the teachings of Pennica et al. are not directed towards genes in 
general but to a single gene or genes within a single family and thus, their teachings cannot 
support a general conclusion regarding correlation between gene amplification and mRNA or 
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protein levels. Further, Appellants submit that the teachings of Haynes et al. in fact, meets the 
"more likely than not standard" and shows that a positive correlation exists between mRNA and 
protein. And based on the nature of the statistical analysis performed in one class of genes in Hu 
et al, the Examiner's conclusions are not reliably supported . Thus, Appellants submit that these 
references do not conclusively establish a prima facie case for lack of utility. 

In contrast, Appellants have submitted ample evidence to show that, in general, if a gene 
is amplified in cancer, it is more likely than not that the encoded protein will be expressed at an 
elevated level. First, the articles by Orntoft et al, Hyman et al, and Pollack et al. (made of 
record in Appellants* Response filed September 10, 2004) collectively teach that in general gene 
amplification increases mRNA expression . Second, the Declaration of Dr. Paul Polakis (made of 
record in Appellants' Response filed September 10, 2004), principal investigator of the Tumor 
Antigen Project of Genentech, Inc., the assignee of the present application, shows that, in 
general, there is a correlation between mRNA levels and polypeptide levels . 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip arrays in 2004. Clearly, the research community believes that the 
information obtained from these chips is useful (i.e., that it is more likely than not informative of 
the protein level). 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is a correlation between DNA, mRNA, 
and polypeptide levels, these instances are exceptions rather than the rule . In the majority of 
amplified genes, as exemplified by Orntoft et al, Hyman et al, Pollack et al, the Polakis 
Declaration and the widespread use of array chips, the teachings in the art overwhelmingly show 
that gene amplification influences gene expression at the mRNA and protein levels . Therefore, 
one of skill in the art would reasonably expect in this instance, based on the amplification data 
for the PRO 1097 gene, that the PRO 1097 polypeptide is concomitantly overexpressed. Thus, the 
claimed antibodies to PRO 1097 polypeptides also have utility in the diagnosis of cancer. 

Appellants further submit that even if there is no correlation between gene amplification 
and increased mRNA/protein expression, (which Appellants expressly do not concede), a 
polypeptide encoded by a gene that is amplified in cancer would still have a specific, substantial, 
and credible utility. Appellants submit that, as evidenced by the Ashkenazi Declaration and the 
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teachings of Hanna and Mornin (both made of record in Appellants' Response filed September 
10, 2004), simultaneous testing of gene amplification and gene product over-expression enables 
more accurate tumor classification , even if the gene-product, the protein, is not over-expressed. 
This leads to better determination of a suitable therapy for the tumor, as demonstrated by a real- 
world example of the breast cancer marker HER-2/neu. Accordingly, Appellants submit that 
when the proper legal standard is applied, one should reach the conclusion that the present 
application discloses at least one patentable utility for the claimed PRO1097 polypeptides and its 
antibodies thereof. 

Response to Rejections 

ISSUE 1. U.S. Provisional Application No. 60/141.037 Satisfies the Utility Requirement of 
35 U.S.C. $ 101/ § 112. First Paragraph based on the results of the Gene Amplification assay 

Appellants have asserted that U.S. Provisional Application No. 60/141,037, filed 
November 19, 2001, discloses the gene amplification assay (shown in Example 170 of the instant 
specification) and establishes patentable utility for the claimed PRO 1 097 polypeptides. 

Appellants submit, for the reasons set forth below under Issue 2 for Utility/ Enablement, 
that the results of the gene amplification assay disclosed in the specification of U.S. Application 
No. 60/141,037, provides at least one credible, substantial and specific asserted utility for the 
claimed PRO1097 polypeptides and antibodies thereof under 35 U.S.C. §101/§1 12, first 
paragraph. Accordingly, Appellants respectfully request, that the subject matter of the instant 
claims be granted the.November 1 9, 2001 , priority date of U.S. Provisional Application No. 
60/141,037. 

ISSUE 2. Claims 119-123 are supported by a credible, specific and substantial asserted 
utility, and thus meet the utility requirement of 35 U.S.C. § 101/ 112. first paragraph 

The sole basis for the Examiner's rejection of Claims 1 19-123 under this section is that 
the data presented in Example 170 of the present specification is allegedly insufficient under the 
present legal standards to establish a patentable utility under 35 U.S.C. § 101 for the presently 
claimed subject matter. 

Claims 1 19-123 stand further rejected under 35 U.S.C. §112, first paragraph, allegedly 
"since the claimed invention is not supported by either a specific and substantial asserted utility or a 
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well established utility for the reasons set forth above, one skilled in the art clearly would not know 
how to use the claimed invention." 

Appellants strongly disagree and, therefore, respectfully traverse the rejection. 

A. The Legal Standard For Utility Under 35 U.S.C. $ 101 

According to 35 U.S.C. § 101: 

Whoever invents or discovers any new and useful process, machine, manufacture, or 
composition of matter, or any new and useful improvement thereof, may obtain a patent 
therefor, subject to the conditions and requirements of this title. (Emphasis added.) 
In interpreting the utility requirement, in Brenner v. Manson, 1 the Supreme Court held 

that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent applicant disclose a "substantial utility" for his or 
her invention, i.e. a utility "where specific benefit exists in currently available form."2 The 
Court concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 

commerce rather than the realm of philosophy. "3 

Later, in Nelson v. Bowler, 4 the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may 
not establish a specific therapeutic use. The court held that "since it is crucial to provide 
researchers with an incentive to disclose pharmaceutical activities in as many compounds as 
possible, we conclude adequate proof of any such activity constitutes a showing of practical 

utility." 5 

In Cross v. Iizuka,^ the C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 

1 Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 

2 Id. at 534, 148 U.S.P.Q. (BNA) at 695. 

3 Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

4 Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 

5 Id. at 856, 206 U.S.P.Q. (BNA) at 883. 

6 Cross v. lizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 
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less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 
i.e. there is a reasonable correlation there between."? The court perceived "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 
practical utility."** 

The case law has also clearly established that Appellants' statements of utility are usually 
sufficient, unless such statement of utility is unbelievable on its face. 9 The PTO has the initial 
burden to prove that Appellants' claims of usefulness are not believable on their face. 10 In 
general, an Applicant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in 
the art to question the objective truth of the statement of utility or its scope." 1 1' 12 

Compliance with 35 U.S.C. §101 is a question of fact.l 3 The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 
totality of the evidence under consideration.! 4 Thus, to overcome the presumption of truth that 
an assertion of utility by the applicant enjoys, the Examiner must establish that it is more likely 
than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 



7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 

8 Id. 

9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 

10 Ibid. 

11 In re Longer, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also In re Mies, 628 F.2d 1322, 206 USPQ 885 (C.C.P.A. 1980); In re Irons, 340 
F.2d 974, 144 USPQ 351 (1965); In re Sichert, 566 F.2d 1 154, 1 159, 196 USPQ 209, 212-13 
(C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Or. 1983) cert, denied, 469 
US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 1992). 
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Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the applicant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 
("Utility Guidelines") 15 , which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when 
it is particular to the subject matter claimed. For example, it is generally not enough to state that 
a nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the 
public" or similar formulations used in certain court decisions to mean that products or services 
based on the claimed invention must be "currently available" to the public in order to satisfy the 
utility requirement. "Rather, any reasonable use that an applicant has identified for the invention 
that can be viewed as providing a public benefit should be accepted as sufficient, at least with 
regard to defining a 'substantial' utility." 16 Indeed, the Guidelines for Examination of 
Applications for Compliance With the Utility Requirement, 17 gives the following instruction to 
patent examiners: "If the applicant has asserted that the claimed invention is useful for any 
particular practical purpose . . . and the assertion would be considered credible by a person of 
ordinary skill in the art, do not impose a rejection based on lack of utility." 

B. Proper Application of the Legal Standard 

Appellants respectfully submit that the data presented in Example 170 starting on page 
539 of the specification of the specification and the cumulative evidence of record, which 
underlies the current dispute, indeed support a "specific, substantial and credible" asserted utility 
for the presently claimed invention. 



15 66 Fed. Reg. 1092(2001). 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 II (B)(1). 
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Example 170 describes the results obtained using a very well-known and routinely 
employed polymerase chain reaction (PCR)-based assay, the TaqMan™ PCR assay, also referred 
to herein as the gene amplification assay. This assay allows one to quantitatively measure the 
level of gene amplification in a given sample, say, a tumor extract, or a cell line. It was well 
known in the art at the time the invention was made that gene amplification is an essential 
mechanism for oncogene activation. Appellants isolated genomic DNA from a variety of primary 
cancers and cancer cell lines that are listed in Table 9 (pages 539 onwards of the specification), 
including primary lung and colon cancers of the type and stage indicated in Table 8 (page 546). 
The tumor samples were tested in triplicates with Taqman™ primers and with internal controls, 
beta-actin and GADPH in order to quantitatively compare DNA levels between samples (page 
548, lines 33-34). As a negative control, DNA was isolated from the cells of ten normal healthy 
individuals, which was pooled and used as a control (page 539, lines 27-29) and also, no- 
template controls (page 548, lines 33-34). The results of TaqMan™ PCR are reported in ACt 
units,, as explained in the passage on page 539, lines 37-39. One unit corresponds to one PCR 
cycle or approximately a 2-fold amplification, relative to control, two units correspond to 4-fold, 
3 units to 8-fold amplification and so on . Using this PCR-based assay, Appellants showed that 
the gene encoding for PRO 1097 was amplified, that is, it showed approximately 1.21-1.23 ACt 

1 21 1 23 

units for lung tumors and 1 .08-1 .34 ACt units for colon tumors which corresponds to 2 -2 - 
fold amplification in lung and 2 1 08 -2 1 M - fold amplification in colon tumors respectively, or 
2.313 to 2.346 fold in two different lung primary tumors and 2.114 to 2.532 fold in three 
different colon primary tumors . 

The Examiner acknowledged that there was an "increase" in DNA, but stated that the 
increase was "slight" or "small". In fact, based on Hittelman et al, the Examiner stated that such 
a "slight increase in clone numbers in cancerous tissue is no doubt due to an increased number of 
chromosomes, a very common characteristic of cancerous and non-cancerous epithelial cells." 
Appellants disagree. 

Hittelman studied premalignant lesions and suggests that epithelial tumors develop 
through a multistep process driven by genetic instability (see abstract). Hittelman showed that a 
subset of the same molecular changes found in associated tumor were also found in premalignant 
lesions, suggesting that these premalignant lesions might represent precursor lesions for 
associated tumors, i.e., a manifestation of a multistep tumorigenesis process. (See Hittelman, 
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page 4, last three lines). Appellants therefore submit that, contrary to the Examiner's rejection, 
the Hittelman reference strongly supports the Appellants position that there is utility in 
identifying genetic biomarkers in epithelial tissues at cancer risk (also see Hittelman, abstract, 
line 4-7). Hittelman adds on page 2, fourth paragraph, line 3 that "it is important to identify 
individuals at significantly increased cancer risk who might best benefit from different types of 
intervention". Taken together, even if Appellants were to show that the observed PRO1097 gene 
amplification were due to chromosomal aneuploidy (which Appellants do not contend to), 
identifying genetic biomarkers like the PRO 1097 gene with this aneuploidy is a very important 
and useful step, according to Hittelman, in identifying individuals at significantly increased 
cancer risk. Therefore, Hittelman supports at least one utility for the PRO 1097 gene, that is, as a 
genetic biomarker for cancer or precancerous cells. As.one skilled in the art would clearly know, 
early detection of lung cancer provides information in advance about risk assessment, prognosis 
and therapy for lung cancer. 

As evidence that the "increase in DNA" in the gene amplification assay is significant, 
Appellants submit a Declaration by Dr. Audrey Goddard (copy enclosed herewith). The 
Declaration by Dr. Audrey Goddard provides a statement by an expert in the relevant art that 
"fold amplification" values of at least 2-fold are considered significant in the TaqMan™ PCR 
gene amplification assay. This Declaration is necessary at this time to counter the assertion that 
the gene amplification data does not have utility. The issue whether the fold increase in the gene 
amplification assay for the PRO 1097 gene was "significant" was not raised in the First Office 
action mailed June 10, 2004 nor in the Final Office action mailed November 18, 2004. 
Therefore, this declaration addressing "significance" was not presented earlier since the 
Appellants had no opportunity or reason to address this issue until now. Thus good and 
sufficient reasons exist why this Declaration is necessary and was not earlier presented. 
Appellants therefore submit that entry of the Goddard Declaration is appropriate at this time and 
respectfully request that it be considered.. 
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Appellants particularly draw the Board's attention to page 3 of the Goddard Declaration 
which clearly states that: 

It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is 
significant and useful in that the detected increase in gene copy number in the tumor 
sample relative to the normal sample serves as a basis for using relative gene copy 
number as quantitated by the TaqMan PCR technique as a diagnostic marker for the 
presence or absence of tumor in a tissue sample of unknown pathology. Accordingly, a 
gene identified as being amplified at least 2-fold by the quantitative TaqMan PCR assay 
in a tumor sample relative to a normal sample is useful as a marker for the diagnosis of 
cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. (Emphasis added). 

Accordingly, the 2.313 to 2.346 fold in two different lung primary tumors and 2.1 14 to 2.532 
fold in three different colon primary tumors would be considered significant and credible by one 
skilled in the art, based upon the facts disclosed in the Goddard Declaration. 

Further Appellants submit that the fact that two lung tumor samples and three colon 
tumor samples tested positive in this study does not make the gene amplification data, by any 
means, less significant or spurious. As any skilled artisan in the field of oncology would easily 
appreciate, not all tumor markers are generally associated with every tumor, or even, with most 
tumors. In fact, some tumor markers are useful for identifying rare malignancies . That is, the 
association of the tumor marker with a particular type of tumor lesion may be rare, or, the 
occurrence of that particular kind of tumor lesion itself may be rare. In either event, even these 
rare tumor markers, which may not give a positive hit with most common tumors, have great 
value in tumor diagnosis, and consequently, in tumor prognosis . The skilled artisan would know 
that such tumor markers are very useful for better classification of tumors. Therefore, whether 
the PRO 1097 gene is amplified in two lung/ three colon tumors or in most tumors is not relevant 
to its identification as a tumor marker, or its patentable utility. Rather, whether the 
amplification data for PRO 1097 is significant is what lends support to its usefulness as a tumor 
marker. It was well known in the art at the time of filing of the application that gene 
amplification, which occurs in most solid tumors like lung and colon cancers, is generally 
associated with poor prognosis. Therefore, the PRO 1097 gene becomes an important diagnostic 
marker to identify such malignant lung or colon cancers, even if the malignancy associated with 
PRO 1097 molecule is a rare occurrence . Accordingly, the present specification clearly discloses 
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enough evidence that the gene encoding the PRO 1097 polypeptide is significantly amplified in 

certain types of lung or colon tumors and therefore, antibodies thereof are also valuable 

diagnostic marker for identifying certain types of lung or colon cancers. 

In the final Office Action, the Examiner points out that "there is no evidence regarding 

whether or not PRO 1097 mRNA or polypeptide levels are also increased in this cancer". The 

Examiner points out in the Final Office Action mailed on November 18, 2004, that: 

"what is often seen is a lack of correlation between DNA amplification and increased 
peptide levels (Pennica et al.) As discussed by Haynes et al, polypeptide levels cannot 
be accurately predicted from mRNA levels. . .the literature cautions researches against 
drawing conclusions based on small changes in transcript expression levels between 
normal and cancerous tissue." 

Appellants strongly disagree. Appellants submit that the Examiner applied an improper 
legal standard when making this rejection. The evidentiary standard to be used throughout ex 
parte examination of a patent application is a preponderance of the totality of the evidence under 
consideration. Thus, to overcome the presumption of truth that an assertion of utility by the 
applicant enjoys, the Examiner must establish that it is more likely than not that one of ordinary 
skill in the art would doubt the truth of the statement of utility. Only after the Examiner has 
made a proper prima facie showing of lack of utility, does the burden of rebuttal shift to the 
applicant. 

Accordingly, it is not a legal requirement to establish a necessary correlation between an 
increase in the copy number of the DNA and protein expression levels that would correlate to the 
disease state or that it is imperative to find evidence that DNA amplification is " necessarily " or 
"always" associated with overexpression of the gene product. Appellants respectfully submit 
that when the proper evidentiary standard is applied, a correlation must be acknowledged. 

First of all, the teachings of Pennica et al. are specific to WISP genes, a specific class of 
closely related molecules. Pennica et al. showed that there was good correlation between DNA 
and mRNA expression levels for the WISP-1 gene but not for WISP-2 and WISP-3 genes. But, 
the fact that in the case of closely related molecules, there seemed to be no correlation between 
gene amplification and the level of mRNA/protein expression does not establish that it is more 
likely than not, in general, that such correlation does not exist. As discussed above, the standard 
is not absolute certainty . Pennica et al. has no teaching whatsoever about the correlation of gene 
amplification and protein expression for genes in general . Indeed, the working hypothesis 
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among those skilled in the art is that, if a gene is amplified in cancer, the encoded protein is 
likely to be expressed at an elevated level. In fact, as noted even in Pennica et al, "[a]n analysis 
of WISP-l gene amplification and expression in human colon tumors showed a correlation 
between DNA amplification and over-expression ..." (Pennica et al., page 14722, left column, 
first full paragraph, emphasis added). Accordingly, Appellants respectfully submit that Pennica 
et al. teaches nothing conclusive regarding the absence of correlation between gene amplification 
and over-expression of niRNA or polypeptides in most genes, in general. 

Further, contrary to the Examiner's reading, the Haynes et al. reference teaches that 
"there was a general trend but no strong correlation between protein [expression] and transcript 
levels" (Emphasis added). For example, in Figure 1, there is a positive correlation between 
mRNA and protein levels amongst most of the 80 yeast proteins studied. In fact, very few data 
points deviated or scattered away from the expected normal and no data points showed a 
negative correlation between mRNA and protein levels (i.e. an increase in mRNA resulted in a 
decrease in protein levels). The analysis by Haynes et al. is not relevant to the current 
application. Haynes was studying yeast cells and not human cells. Haynes et al notes that their 
analysis focused on the 80 most abundant proteins in the yeast lysate (page 1867). Haynes et al. 
states "since many important regulatory protein are present only at low abundance, these would 
not be amenable to analysis" (page 1867). Further, Haynes et al. compared the protein 
expression levels of these naturally abundant proteins to mRNA expression levels from 
published SAGE frequency tables (page 1863). Accordingly, Haynes et al. did not compare 
mRNA expression levels and protein levels in the same yeast cells. And thus, the analysis by 
Haynes et al. is not applicable to the present application. In fact, when the proper legal standard 
is used, Haynes' teachings clearly support the Appellants' position and is all that's needed to 
meet the "more likely than not" evidentiary standard. Again, accurate prediction is not the 



The Examiner further cited Hu et al., to show that "by the current literature. . .one skilled 
in the art would not assume that a small increase in gene copy number would correlate with 
significantly increased mRNA or polypeptide levels" (Page 5 of the Final Office action mailed 
November 18, 2004). 

First of all, as discussed above, the increase in DNA copy number for the PRO1097 gene 
is significant. Further, Appellants respectfully submit that, contrary to the Examiner's assertion, 



standard. 
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the cited Hu et al. reference does not conclusively establish a prima facie case for lack of utility 
for the PRO1097 molecule. The Hu et al. reference is entitled "Analysis of Genomic and 
Proteomic Data using Advanced Literature Mining" (emphasis added). Therefore, as the title 
itself suggests, the conclusions in this reference are based upon statistical analysis of information 
obtained from published literature, and not from experimental data. Hu et al. performed 
statistical analysis to provide evidence for a relationship between mRNA expression and 
biological function of a given molecule (as in disease). The conclusions of Hu et al. however, 
only apply to a specific type of breast tumor (estrogen receptor (ER)-positive breast tumor) and 
cannot be generalized to breast cancer genes in general, let alone to cancer genes in general. 
Interestingly, the observed correlation was only found among ER-positive (breast) tumors not 
ER-negative tumors." (See page 412, left column). 

Moreover, the analytical methods utilized by Hu et al. have certain statistical drawbacks, 
as the authors themselves admit. For instance, according to Hu et al., "different statistical 
methods" were applied to "estimate the strength of gene-disease relationships and evaluated the 
results." (See page 406, left column, emphasis added). Using these different statistical methods, 
Hu et al. "[a]ssessed the relative strengths of gene-disease relationships based on the frequency 
of both co-citation and single citation." (See page 411, left column). As is well known in the 
art, different statistical methods allow different variables to be manipulated to affect the resulting 
outcome. In this regard, the authors disclose that, "Initial attempts to search the literature " using 
the list of genes, gene names, gene symbols, and frequently used synonyms generated by the 
authors "revealed several sources of false positives and false negatives." (See page 406, right 
column). The authors add that the false positives caused by "duplicative and unrelated meanings 
for the term" were "difficult to manage." Therefore, in order to minimize such false positives, 
Hu et al. disclose that these terms "had to be eliminated entirely, thereby reducing the false 
positive rate but unavoidably under-representing some genes." Id. (emphasis added). Hence, Hu 
et al. had to manipulate certain aspects of the input data, in order to generate, in their opinion, 
meaningful results. Further, because the frequency of citation for a given molecule and its 
relationship to disease only reflects the current research interest of a molecule, and not the true 
biological function of the molecule, as the authors themselves acknowledge, the "[Relationship 
established by frequency of co-citation do not necessarily represent a true biological link." (See 
page 411, right column). Therefore, based on these findings, the authors add, "[t]his may reflect 
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a bias in the literature to study the more prevalent type of tumor in the population. Furthermore, 
this emphasizes that caution must be taken when interpreting experiments that may contain 
subpopulations that behave very differently." Id. (Emphasis added). In other words, some 
molecules may have been underrepresented merely because they were less frequently cited or 
studied in literature compared to other more well-cited or studied genes. Therefore, Hu et al. 's 
conclusions are not based on genes/mRNA in general. 

Therefore, Appellants submit that, based on the nature of the statistical analysis 
performed herein, and in particular, based on Hu's analysis of one class of genes, namely, the 
estrogen receptor (ER)-positive breast tumor genes, the conclusions drawn by the Examiner, 
namely that, "genes displaying a 5 -fold change or less (mRNA expression) in tumors compared 
to normal showed no evidence of a correlation between altered gene expression and a known role 
in the disease (in general)" is not reliably supported. 

Therefore, when the proper legal standard is used, a prima facie case of lack of utility has 
not been met based on the cited references Pennica et al, Haynes et al. or Hu et al. by the 
Examiner. 

On the contrary, Appellants submit that Example 170 in the specification further 
discloses that, "(amplification is associated with overexpression of the gene product, indicating 
that the polypeptides are useful targets for therapeutic intervention in certain cancers such as 
colon, lung, breast and other cancers and diagnostic determination of the presence of those 
cancers" (emphasis added). Besides, Appellants have submitted ample evidence (discussed 
below) to show that, in general, if a gene is amplified in cancer, it is "more likely than not" likely 
that the encoded protein will also be expressed at an elevated level. 

For support, Appellants presented the articles by Orntoft et al, Hyman et al, and Pollack 
et al. (made of record in Appellants' Response filed September 10, 2004), who collectively teach 
that in general for most genes, DNA amplification increases mRNA expression . The results 
presented by Orntoft et al, Hyman et al, and Pollack et al. are based upon wide ranging 
analyses of a large number of tumor associated genes. Orntoft et al. studied transcript levels of 
5600 genes in malignant bladder cancers, many of which were linked to the gain or loss of 
chromosomal material, and found that in general (18 of 23 cases) chromosomal areas with more 
than 2-fold gain of DNA showed a corresponding increase in mRNA transcripts. Hyman et al. 
compared DNA copy numbers and mRNA expression of over 12,000 genes in breast cancer 
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tumors and cell lines, and found that there was evidence of a prominent global influence of copy 
number changes on gene expression levels. In Pollack et al, the authors profiled DNA copy 
number alteration across 6,691 mapped human genes in 44 predominantly advanced primary 
breast tumors and 10 breast cancer cell lines, and found that on average, a 2-fold change in DNA 
copy number was associated with a corresponding 1.5-fold change in mRNA levels. In summary, 
the evidence supports the Appellants' position that gene amplificatio n is more likely than not 
predictive of increased mRNA and polypeptide levels. 

Second, the Declaration of Dr. Paul Polakis (made of record in Appellants' Response 
filed September 10, 2004), principal investigator of the Tumor Antigen Project of Genentech, 
Inc., the assignee of the present application, explains that in the course of Dr. Polakis' research 
using microarray analysis, he and his co-workers identified approximately 200 gene transcripts 
that are present in human tumor cells at significantly higher levels than in corresponding normal 
human cells. Appellants submit that Dr. Polakis' Declaration was presented to support the 
position that there is a correlation between mRNA levels and polypeptide levels, the correlation 
between gene amplification and mRNA levels having already been established by the data shown 
in the Orntoft et al, Hyman et al, and Pollack et al. articles. Appellants further emphasize that 
the opinions expressed in the Polakis Declaration, including in the above quoted statement, are 
all based on factual findings. For instance, antibodies binding to about 30 of these tumor 
antigens were prepared, and mRNA and protein levels were compared. In approximately 80% of 
the cases , the researchers found that increases in the level of a particular mRNA correlated with 
changes in the level of protein expressed from that mRNA when human tumor cells are 
compared with their corresponding normal cells . Therefore, Dr. Polakis' research, which is 
referenced in his Declaration, shows that, in general, there is a correlation between increased 
mRNA and polypeptide levels . 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip® arrays in 2004. Clearly, the research community believe that the 
information obtained from these chips is useful (i.e., that it is more likely than not that the results 
are informative of protein levels). 

Taken together, all of the submitted evidence supports the Appellants' position that, in 
the majority of amplified genes , increased gene amplification levels, more likely than not, predict 
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increased mRNA and polypeptide levels, which clearly meets the utility standards described 
above. Hence, one of skill in the art would reasonably expect that, based on the gene 
amplification data of the PRO 1097 gene, the PRO 1097 polypeptide is concomitantly 
overexpressed in the lung or colon tumors studied as well and therefore, antibodies to the 
polypeptide are useful in detecting cancer. 

Appellants further submit that, even if there were no correlation between gene 
amplification and increased mRNA/protein expression, (which Appellants expressly do not 
concede), a polypeptide encoded by an amplified gene in cancer and its antibodies would still 
have a specific, substantial, and credible utility as explained below. As the Declaration of Dr. 
Avi Ashkenazi (submitted with Appellants' Response filed September 10, 2004) explains: 

"even when amplification of a cancer marker gene does not result in significant over- 
expression of the corresponding gene product, this very absence of gene product over- 
expression still provides significant information for cancer diagnosis and treatment." 

Thus, even if over-expression of the gene product does not parallel gene amplification in' 
certain tumor types, parallel monitoring of gene amplification and gene product over-expression 
enables more accurate tumor classification and hence better determination of suitable therapy. In 
addition, absence of over-expression is crucial information for the practicing clinician. If a gene 
is amplified in a tumor, but the corresponding gene product is not over-expressed, the clinician 
will decide not to treat a patient with agents that target that gene product. This not only saves 
money, but also has the benefit that the patient can avoid exposure to the side effects associated 
with such agents. 

This utility is further supported by the teachings of the article by Hanna and Mornin. 
(Pathology Associates Medical Laboratories, August (1999), submitted with the Response filed 
September 10, 2004). The article teaches that the HER-2/neu gene has been shown to be 
amplified and/or over-expressed in 10%-30% of invasive breast cancers and in 40%-60% of 
intraductal breast carcinomas. Further, the article teaches that diagnosis of breast cancer 
includes testing both the amplification of the HER-2/neu gene (by FISH) as well as the over- 
expression of the HER-2/neu gene product (by IHC). Even when the protein is not over- 
expressed, the assay relying on both tests leads to a more accurate classification of the cancer 
and a more effective treatment of it. 
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The Examiner asserts that, 

"Hanna et al. supports the instant rejection, in that Hanna et al. show that gene 
amplification does not reliably correlate with polypeptide overexpression, and thus the 
level of polypeptide expression must be tested empirically." (Page 8 of the Final Office 
Action mailed November 18, 2004). 

Appellants respectfully point out that the Examiner appears to have misread Hanna et al. Hanna 
et al. clearly state that gene amplification (as measured by FISH) and polypeptide expression (as 
measured by immunohistochemistry, IHC) are well correlated ("in general, FISH and IHC results 
correlate well" (Hanna et al. p. 1, col. 2)). It is only a subset of tumors which show discordant 
results. Thus, Hanna et al. support Appellants' position rather well that it is more likely than not 
that gene amplification correlates with increased polypeptide expression. The Examiner appears 
to view such testing described in the Ashkenazi Declaration and the Hanna paper as experiments 
involving further characterization of the PRO 1097 polypeptide itself. On the contrary, such 
testing is for the purpose of characterizing not the PRO 1097 polypeptide, but the tumors in 
which the gene encoding PRO 1097 is amplified. That is, such further testing or research is for 
the purpose of characterizing the tumors into medically relevant categories in which the gene 
encoding PRO 1097 is/ is not amplified, and such techniques were routine in the art of clinical 
oncology at the time of filing of the instant application, as evidenced by the teaching of Hanna 
and Mornin. 

Thus, based on the asserted utility for PRO 1097 in the diagnosis of selected lung or colon 
tumors, the reduction to practice of the instantly claimed protein sequence of SEQ ID NO: 349 in 
the present application (also see page 305), the disclosure of the step-by-step protocols for 
making antibodies to PRO polypeptides, including monoclonal (page 390), humanized (page 
392), labeled antibodies (page 316) and antibody fragments (page 314) and the preparation, 
isolation and detection of antibodies in the specification (at page 390 to page 395) and the 
disclosure of the gene amplification assay in Example 170, the skilled artisan would know 
exactly how to make and use the claimed polypeptide and antibodies thereof for the diagnosis of 
lung or colon cancers. Appellants submit that based on the detailed information presented in the 
specification and the advanced state of the art in oncology, the skilled artisan would have found 
such testing routine and not 'undue'. 
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Contrary to the Appellants assertion of utility, however, the Examiner alleges that the 
gene amplification results presented in Example 170 does not render the presently claimed 
polypeptides patentably useful, and, finds the declaratory evidence presented in this case, for 
what Appellants consider legally inappropriate reasons, "non-persuasive". 

Regarding the non-acceptance of the Polakis and Ashkenazi declarations by the 
Examiner, Appellants respectfully draw the Examiner's attention to case law that clearly 
establishes that in considering affidavit evidence, the Examiner must consider all of the evidence 
of record anew (In reRinehart, 531 F.2d 1084, 189 USPQ 143 (C.C.P.A. 1976); In re Piasecki, 
745 F.2d. 1015, 226 USPQ 881 (Fed. Cir. 1985)). "After evidence or argument is submitted by 
the applicant in response, patentability is determined on the totality of the record, by a 
preponderance of the evidence with due consideration to persuasiveness of argument" (In re 
Alton, 37 USPQ2d 1578 1584 (Fed. Cir 1966) (quoting In re Oetiker, 977 F.2d 1443, 1445, 24 
USPQ2d 1443, 1444 (Fed. Cir. 1992)). Furthermore, the Federal Court of Appeals held in In re 
Alton, "We are aware of no reason why opinion evidence relating to a fact issue should not be 
considered by an examiner" (In re Alton, supra.). Appellants further draw the Examiner's 
attention to the Utility Examination Guidelines (Part IB, 66 Fed. Reg. 1098 (2001)) which 
states, 

"Office personnel must accept an opinion from a qualified expert that is based upon 
relevant facts whose accuracy is not being questioned; it is improper to disregard the 
opinion solely because of a disagreement over the significance or meaning of the facts 
offered." 

The statement in question from the Polakis Declaration that "it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative to a normal 
cell typically correlates to a similar increase in abundance of the encoded protein in the tumor 
cell relative to the normal cell" is based on his own experimental findings, which is clearly set 
forth in the Declaration. Further, the teachings of Ashkenazi are supported by the Her-2/neu 
gene example in Hanna and Mornin. Accordingly, the fact-based conclusions of Dr. Polakis and 
Dr. Ashkenazi would be considered reasonable and accurate by one skilled in the art. Thus, 
barring evidence to the contrary, Appellants maintain that the fold amplification disclosed for the 
PRO 1097 gene is significant and forms the basis for the utility for the claimed antibodies to the 
PRO 1097 polypeptide. 
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Therefore, since the instantly claimed invention is supported by either a credible, specific 
and substantial asserted utility or a well-established utility, and since the present specification 
clearly teaches one skilled in the art "how to make and use" the claimed invention without undue 
experimentation, Appellants respectfully request reconsideration and reversal of this outstanding 
rejections under 35 U.S.C. §101 and §112, First Paragraph to Claims 1 19-123. 



For the reasons given above, Appellants submit that present specification clearly 
describes, details and provides a patentable utility for the claimed invention. Moreover, it is 
respectfully submitted that based upon this disclosed patentable utility, the present specification 
clearly teaches "how to use" the presently claimed polypeptide. As such, Appellants respectfully 
request reconsideration and reversal of the outstanding rejection of claims 1 19-123. 



HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650) 324-0638 



CONCLUSION 
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Date: November 15, 2005 




Ginger R. Dreger 
Reg. No. 33, 055 
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IX. 

119. 
120. 
121. 
122. 
123. 



CLAIMS APPENDIX 

Claims on Appeal 

An antibody that specifically binds to the polypeptide of SEQ ID NO: 349. 

The antibody of Claim 119 which is a monoclonal antibody. 
The antibody of Claim 119 which is a humanized antibody. 
The antibody of Claim 1 19 which is an antibody fragment. 
The antibody of Claim 1 19 which is labeled. 
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X. EVIDENCE APPENDIX 

1. Declaration of Paul Polakis, Ph.D. under 35 C.F.R. 1.132. 

2. Declaration of Avi Ashkenazi, Ph.D. under 35 C.F.R. 1.132. 

3. Declaration of Audrey Goddard, Ph.D. under 35 C.F.R. 1.132. 

4. Orntoft et al, 2002, Mol. and Cell. Proteomics, Vol.1, pages 37-45. 

5. Hyman et al, Cancer Res., 2002, Vol. 62, pages 6240-45. 

6. Pollack et al, PNAS, 2002, Vol. 99, pages 12963-12968. 

7. Hanna and Mornin, 1999, Pathology Associates Medical Laboratories. 

8. Hittelman et al 2001, Ann. N.Y.Acad. Sci. 952: 1-12. 

9. Crowell etal. 1996, Cancer Epidemiol., 5: 631-37. 

10. Skolnick et al, 2000, Trends in Biotech., 18:34-39. 

11. Bork et al, 2000, Genome Res. 10: 398-400. 

12. Doerks etal, 1998, Trends in Genetics, 14:248-250. 

13. Hesselgesser et al, 1997, Meth. in Enzymol., 287: 59-69. 

14. Blease etal, 2000, Resp. Res., 1(1): 54-61. 

15. Pennica et al, Proc. Nat. Acad. Sci., 1998, Vol. 95, pages 141097-722. 

16. Haynes etal, Electrophoresis, 1998, Vol. 19, pages 1862-71. 

17. Hu et al, J. Proteome Res., 2003, Vol. 2, pages 405-412. 

Items 1, 2, 4-7 were submitted with Appellants' Response filed September 10, 2004, and were 
considered by the Examiner as indicated in the Final Office action mailed November 18, 2004. 

Item 3 is hereby submitted with the Appellants' brief. As indicated above, this declaration was 
not presented earlier because the issue whether the "fold increase" in the gene amplification 
assay was "significant" was not raised earlier. However, Appellants believe that presentation of 
the Goddard Declaration as evidence that the "increase in DNA" in the gene amplification assay 
is significant is necessary in this case and presents the case in better form for appeal. Its 
consideration is respectfully requested. 
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Items 8-16 were made of record by the Examiner in the Office Action mailed June 10, 2004. 

Items 17 were made of record by the Examiner in the Final Office Action mailed November 18, 
2004. 
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XI. RELATED PROCEEDINGS APPENDIX 

None. 
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DECLARATION OF PAUL POLAKIS,Ph.D. 
I, Paul Polakis, Ph.D., declare and say as follows: 

1 . I was awarded a Ph.D. by the Department of Biochemistry of the Michigan 
State University in 1984. My scientific Curriculum Vitae is attached to and forms 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of my primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins". When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genentech's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, mRNA and protein levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely useful for the identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor cells at 
significantly higher levels than in corresponding normal human cells. To date, we 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed from these differentially expressed gene transcripts and have used these 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protein expression analyses described in paragraph 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 




expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 1 8 of the United States Code and that such willful 
statements may jeopardize the validity of the application or any patent issued 
thereon. 
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I, Paul Polakis, Ph.D., declare and say as follows: 

1 I was awarded a Ph.D. by the Department of Biochemistry of the Michigan 
State University in 1984. My scientific Curriculum Vitae is attached to and forms 
part of this Declaration (Exhibit A). 

2 I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of my primary responsibilities has 
been leading Genenteeh's Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins". When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genenteeh's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, mRNA and protein levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely useful for the identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor cells at 
significantly-higher levels than in corresponding normal human cells. To date, we 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed from these differentially expressed gene transcripts and have used these 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protein expression analyses described in paragraph 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 





expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 1 8 of the United States Code and that such willful 
statements may jeopardize the validity of the application or any patent issued 
thereon. 
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Sir: 

1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1. I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1993 and 2001, 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 

forms part of this Declaration (Exhibit A). 
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Serial No.: * 
Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al, PCR 
Methods AbeL 4:357-362 (1995) (Exhibit C) and Heid et al, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al, Proc^ 
Natl. Acad. Sci. USA 95(25):14717-14722 (1998) (Exhibit E); Pitti et al, Nature 
396(67 12):699-703 (1998) (Exhibit F) andBieche et al. Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al. studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al. used the assay to study gene amplification in breast cancer. 
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Filed: * 

7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown • 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. i declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 1 8 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 




Date 



Audrey D. Goddard, Ph.D. 
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AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 

Genentech, Inc. 1993-present 
South San Francisco, CA 
2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products , . , 

. Acquisition of clinical samples from Genentech's clinical trials for translational research 
. Translational research using clinical specimen and data for drug development and 

. Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: . . , , , . 

. Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 -2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 

TivtZltrnTntof a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $7 WK budget 

. DNA sequencing core facility supporting a 350+ person research facility. 

. DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

. Identification and characterization of genes contributing to the oncogenic process 
. Identification and characterization of genes contributing to inflammatory diseases 
. Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 - 1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 



McMaster University 

Hamilton, Ontario, Canada with Dr. G. D. Sweeney 
5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 

Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 

McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1989 



1983 
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ACADEMIC AWARDS 

Imperial Cancer Research Fund Postdoctoral Fellowship 
Medical Research Council Studentship . 
NSERC Undergraduate Summer Research Award 
Society of Chemical Industry Merit Award (Hons. Biochem.) 
Dr. Harry Lyman Hooker Scholarship 
J.L.W. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



1989-1992 
1983-1988 
1983 
1983 

1981-1983 
1981-1982 
1980-1981 
1979-1980 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,21 8. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone 'insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor'mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17Rh1. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448.' 

Xie M-H Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, AL. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 1 1 : 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM Marsters SA. Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B Lew M Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J Murone M Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lriduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S 
Plotnick L Rogol A, Rosenfieid R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Honao JA Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE. Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 
Stone DM, Hynes M, Armanini M. Swanson TA, Gu Q, Johnson RL, Scott MF '.Pennies D. 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A^ (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Some hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yanq M Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasms beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp.1 87-21 5. 
Treanor JJS. Goodman L, de Sauvage F. Stone DM, Poulson KT, Beck CD, Gray C Armanini 
MP Po locks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM Asa. N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD Gu Q Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-7113. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ. Wong SC, Tsai SP Goddard A Henzel 
WJ Hefti F and Caras I. (1995) Cloning of AL-1 , a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981. 

Bennett BD Zeiqler-FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huang X Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammahan Genome 
6: 732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 1 0720-1 0728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet. 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
KingstonJ, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl 3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL. (1992) 
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JMULTANEOUS AMPUF1CATI0H AND DETECTION C 
SPECIFIC DMA SEQUENCES 

■MtiOB. 'Corresponding author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PGR. Since the fluorescence of 
EtBr increases hi the presence of double- 
stranded (ds) DNA an increase in fluores- 
cence in such a PCR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product ofthe amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefit* of .PCR' to clio- 
fcal diagnostics arc wen known 1 - 8 , it is sull not 
widely used ir* this setting, even though « » 
four years rinco thermostable DNA po»yrn<f- 
W ms dc PCR practical. Some of the reasons for >« slow, 
acceptance are high cost, lack of automation of pre, and 
post-PCR processing steps, and fake posibve results from 
arryovcr-contaminldon. The first two points arc related 
in that labor is the largest contributor to cost* the present 
stage of PCR development. Most current assays require 
soiSc form of "downstream" processing once *f"3 
ding is done in order in determine whether the target 
DNA sequence was present and ^ J™** 
include DNA hybridiwdon 9 *, gel ekctrophorests with or 
without use of restriction digestion™ HPIX 9 , or capdfcwy 
electrophoresis 10 . These methods are labor^ntense, b»«. 
low throughput, and are difficult to automate. The third 
point is also closer* related to downstream processing. 
The bundling of the PCR product in dowMtrcam 
processes increases the chances that amplified DNA will 
spread through the typing lab, resulting in a risk ol 



"carryover" false positives in subsequent testing . 

These downstream processing steps would be eluw- 
nated if specific amplification and detection of amphscd 
DNA took place simultaneously within an unopened re- 
action vessel Assays in. whkh such different processes take 
place without the need to separate reaction components 
have been termed 'Ijomogeneous'. No truly homoge- 
neous PCR assay has been demonstrated to date, atehougn 
progress towards this end has been reported, Chehab, et 
al» developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Allcfc-specific primers, cadi with different fluo- 
rescent tags, were used to indicate the genotyp^ of the 
DNA. However, the unincorporated primers must still oe 
removed in a downstream process in order « «uahw fte 
result Reccndy, Holland, et al", developed » 
which the endogenous 5' exOnudease assay of Teq DNA 
polymerase was exploited to cleave a labeled obgonucko- 
ude probe. The probe would only ckave >f PCR ampfifi- 
cation had produced its wmpWntavy sequence, to 
order to detect the dcavage products, however, a subse- 
quent process is again needed. , 

We have developed a truly homogeneous assay for PCK 
and PCR product detection based upon tbc greatly in- 
creased fluorescence that ethidium btonude and other 
DNA binding dyes exhibit when they ate b^d- to_ds- 
DNA ,4 ^ le . As outbned in Figure 1, a prototypic PCR 
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mOKE 1 Principle of simultancoua ampiificarion and- ociecUOfl of 
PCR produce The component* of a PGR«on»inh^ EtBr that am 
8w>ris«ni»reHsted^tBr.itself,EtBrboimdtoe)Acr 
dsDMA.Therc is a large Buorwcencc enhancement when WlSr is 
bound to PNA and binding is greatly enhanced when DNA 
double-stxandiaJ. After sufficient <n)..«^ of PCR, the .net 
increase in dsONA resiAs in additional EtBr binding, and a net 
increase in total fluorescence: 
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RCOBt 2 Gel electrophoresis of K3t amplification products of the 
human, nuclear gene, HLA DQa, made in the presence of 
increasing amounts of EtBr (up to 8 p.g/ml). The presence of 
EUJr lias do obvious effect on tic yield or specificity of amplifi- 
cation. 
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3 (A) Fluorescence measurement* from PCRs that contain 
0.5 u.g/m] EtBr and that are specific for Y-c]ijv>mosOroe repeat 
sequences. Five replicate PGR* 'were begun containing each of tbe 
DNA* specified. At each indicated cyde, one of the five replicate 
PCRs for each DNA -was removed from thermocyding and Hs 
fluorescence measured. Units of fluorescence are arbitraiy. (B) 
UV photography of PCRtubes (0.5 ml Eppcndorf-style, polypro- 
pylene micro-centrifuge tubes) containing reactions, those Matt* 
ing from 2 ng male DNA Mid control reactions without any DNA, 
from (A). 



begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase: An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
microgram!! per PCR- 8 . If EtBr is present, the reagents 
that will fluoresce, in order of ir*crcasiftg fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doublc-hciix). After the first denaturation cyde, target 
DNA will be largely single-stranded. After a PCR is 
completed, the most significant change is the increase in 
the amount of dsDNA (tbe PCR product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase m fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. Tbe fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification, vessel 



before and after, or even continuously during, thermoey. 
ding. 

RESULTS 

PCR in the presence of EtBr. In of der to assets the 
affect of EtBr tn PCR, ampMcations of the human HLA 
DQa gene" were performed with the dye present at 
concentrations from 0.06 to 8.0 ug/ml (a typical concen- 
tration of EtBr used in slanting of nucleic acids following 
get electrophoresis is 0.5 u,g/ml). As shown in FiguTe 2, gel 
e'lectronhorcsis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR. 

Detection of human Y-chromosorac specific 
cpences. Secnience-specinr, fiijorcsccnce enhanoement of 
EtBr as a result of PCR was demonstrated in a scries of 
amplifications containing 0.5 ug/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y -chromosome* 0 - These PCRs initially contained dther 
60 ng male, 60 ng female, 2 ng male human or no DNA. 
Five replicate PCRs were begun for each DNA. After 9, 
17, 21 , 24 and 29 cydes of thermocyding, a PCR for each 
DNA was removed from the thermocyder, and its. fluo- 
rescence measured in a spcctroSnoro m e ter and plotted 
vs. amplification cyde number (Fig. 3 A). The shape of this 
curve reflects the- fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained cither no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence, Cd dectrophoresis 00 the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male DNA containing 
reactions and that Utile DN A synthesis took, place in the 
control samples. 

In addition, the increase in. fluorescence was visualized 
by simply laying the completed, unopened PCRs on » UV 
transuhiminatOT and photographing tbcm through a red 
filter. This is shown in figure SB lor the reactions thai 
began with 2 ng male DNA and those with no DNA. 

Detection of specific alleles of the human fl-globin 
gene. In order to demonstrate that this approach has 
adequate spedfidty to allow genetic screening, a detection 
of the sjckle-cdl anemia mutation was performed. Figure 
4 shows the fluorescence from completed ampfificationj 

containing EtBr (0.5 ug/ml) as detected by photography 

of the reaction tubes on a UV trapsiUuminator. These 
reactions were performed using- primers specific for d* 
thcr the w3d-type or sickle-cell mutation of the human 
B^tobin gene". The spedfidty for each allele is imparted 
by placing the sickle-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, printer extension— and thus an> 
plifkatjon— -can take place only if the 3' nucleotide of the 
primer i$ complementary to the 0-globin allele present . 

Each pair Of ainplmcations shown in Figure 4 consists of 
a reaction with either the wiM-typc allele spedric (left 
tube) or skkks-aUele specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wfld-typc B-gtobin individual (AA); from a heterozygous 
sickle B-globin individual (AS); and from a homozygous 
sickle B-glohin individual (SS). Each DNA (50 ng genomjc 
DNA to start each PGR) was analyzed in triplicate (3 pairs 
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f reactions each). The DNA .type "was reflected tn the 
Utrve fluorescence intensities in each pair of completed 
^lificMtoiis. There was a significant increase in fluores- 
nee only where a fi-globin allele DNA matched the 
primer «*. When measured on a spcaroflnorometcr 
Watfi not shown), this fluorescence was about three times 
K»f present in a PCR where both p-gkttn alleles were 
"snatched to the primer set. Ccl clcaxophores'w (not 
^ oW n) established that this increase in fluorescence was 
Hue to the synthesis of nearly a microgram of a DNA 
Lgmcnt of the expected size for p-globin. There wi 
[itdc synthesis of dsDNA in reactions in . which the allele- 
-necific primer was mismatched to both alleles. 
* Continuous mentoring of a PGR. Using a fiber optic 
devteerH jj possible to direct excitation illumination from 
t spectrofluorometcr to a PCR undergoing thermocycling 
and to return its fluorescence to the KpectroRuoronietCT. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-containing amplification of Y-chromo- 
somc specific sequences From 25 ng of human male DNA, 
U shown in Figure 5. The readout from a control PCR 
will no target DNA is also shown. Thirty cycles of PCR 
vierc monitored for each- 

The fluorescence trace as a function of time clearly 
shows the effect of the thermocyding. Fluorescence inten- 
tly rise* and. foils inversely with temperature. The fluo- 
rescence intensity is minimum at the denaturaliop. tem- 
oerature (94°C) and maximum at the annealing/extension 
temperature (SOX). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbcrraocycks, indicating dtat there is 
Utile dsDNA synthesis without the appropriate ttTgct 
DNA, and there is little if any Weachmgof EtBr during 
the continuous illumination Of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds" of thermocyding, and 
continue to increase with time, indicating that dsDNA is 
bc'ine produced at a detectable level. Note that the fluo- 
rescence minima at the denaiuratiou temperature, do not 
significantly increase, presumably becauseat this temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluores^ 
cence increase at the annealing temperature. Analysis i of 
ihc products of these two amplifications by gel cjcia^pbo- 
rcsls showed a DNA fragment of the expected size for die 
male DNA containing sample and no detectable DNA 
synthesis for the control sampte. 

DISCUSSION , ^ t o _ 

Downstream processes such as hybDdi7at.on to a se- 
oucnce.specific probe can enhance die specifiaty of DNA 
detetAwubv PGR. The chmhxttkm of these procewco 
means that' the specificity of this homogeneous assay 
depends solely on that of PCR. In the wsc of 
dLiase, we have shown that PGR alone has sufficient DNA 
sequence specifidLy to permit genetic ■ ■ «** 

appropriate amplification conditions, there is httlc non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The specificity required to detect padiogens can be 
more or less than that required to do genetic scrcenmg, 
depending on the number of pathogens m the sample and 
the amount of other DNA that must be taken with the 
sample A difficult target is HIV, which requires detection 
of a viraJ genome that can be at the level of a few copies 
per thousands of host cells*. Compared with geneac 
screeninK, which is performed on ceils containing at least 
one copy of die target sequence. HIV detection requires 
both more specificity and the input of more total 
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RCQK 4 LTV photography of PCR tubes containing ainpGncttuoiu 
usine EtBr urn are specific to wiM-type (A) or licUe (8) alldra of 
the human 0-globin gene. The left of each pair of tubes contains 
aBde-spedfic primer* to the wild-type alleles, the nghi tube 
primers to the sickle alleke. The photograph wm taten after 30 
cycles of PCR, and the input DNAs and the alleles they contain 
are indicated. Fifty lag of UNA was used to begin PGR. Typing 
was done in triplicate <3 pain of PCRs) for each mput DNA: 
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RGOBES Continuous, real-time monitoring of a PCR. A fiber optic 
was oscd W carry, excitation light to a KJR to F^J^J%o 
emitted lieht back, to a Booromctcr (see Experimental PKKocol). 
AnroHficalon using human ^f*^^":"!^ 
starting with tO HR Of human male DNA (top), or in a control 
PCR mthout DNA. (bottom), were, monitored. Thirty cydes of 
PCR were followed for each. The temperature cycled between 
94"C (denaturatioin) and 50*0 (annealing and ^tension). Note m 
the male DNA PCR, the cycle (time) dependent mtrewc in 
fluorescence at the aoneafing/extenston temperature. 
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DNA— -up to microgram amounts— in order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DNA *m an amplification sieairieaody increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional compKcation that occur; with targets in low 
copy-number is the formation of die '^rimer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PCR targets if those targets are rare. The primsr- 
dimcr product is of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase PCR specificity and reduce the effect of 
primer-dimcr amplification, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications dtat take place in a singic tube*, and the 
"hot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins". Prdhninary results using these ap- 
proaches suggest that T>runer-diro:eT is effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome to a 
background of 10* arils. With larger numbers of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To. reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' "add-on" to 
the oligonucleotide primer*' 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-contairring PCR is straightforward, 
both once PCR is completed and continuously during 
ihermocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is alrcadyjpossiblc with existing instru- 
mentation in 96-well format**. In this format, the fluores- 
cence in each PCR can be quantitated before, after, and 
even at selected points during thermocyciing by moving 
the rack of PCRs to a 96-microwc)l plate fluorescence 

reader 26 . , 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in .principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoprics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 5 shows chat 
the larger the amount of starting target DNA, the sooner 
rlnring PT.R a fluorescence increase is detected. Prelimi- 
nary experiments <Higuchi and Dotlinger, manuscript m 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules 
fcnown — as it can be in genetic screening-continuous 
monitoring may provide a means of detecting fabc posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
results due to, for example,, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying markeT. This marker results in a 
fluorescence increase only after a large number of cy- 
cles—many more than arc necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event, before any test based on this 
principle is ready for the clinic, an assessment of its false 
positiWfalse negative rates will need to be obtained using 
a large number of known samples. 

In summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
n-indpk may facilitate the more widespread use of PCR 
n applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Hamas HLA-DQo gene skmpKBcatioas containing EtBx. 
PCRs were set up in 100 (4 volumes confining 1 0 mM Tris-'HCl, 
pH 8.3; 60 mM KCi; 4 mM MgC^t S-5 unit* of Toe DNA 
polymerase (Perlm-Bmer Ccru*. Norwalk, CT); 20 pniofe each 
of human HLA-DQo. ' gene specific oligonucleotide primers 
GHJ6 and CHS7 19 and approximately \<r copies of DQn PCH 
product diluted from a previous reaction. Ethidium bromide 
iElBn Sigma) was used at the concentrations indicated in Figure 
2. Thermocyding proceeded for 20 cycles in a model 460 
dicrmocyder (PeriuivEliner Cow*, Norwalk, CT) using a "stcp- 
cyclc" program of 94°C for 1 mm. denaturauon and 60T. for SO 
sec anncaBng and 72'C for 30 sec. extension. 

Y-chromosomc specific PCR. PCRJ (100 ul total rcacuon 
volume) contatsing 0.5 yfifool EtBr were prepared as described 
for HLA-DQo, except with different primers and target DNAs. 
These PCRs contained J 5 pmolc each male DNA-»pectfic prime* 
YI.l and *1.2 M , and cither 60 ng male, 00 og female, 2 ng mafc, 
or no human DNA. Thcrmocyding was SWrctor I min. and SffC 
for I min using a "stcp-cyde* program. The number or cycles for 
a sample were as indicated in figure 3. Fluorescence measure- 
m«i( is d ascribed below. , 

AUrfc-spccific, human £-£lobin pa* PCR. AmpUficanons of 
100 id volume using 0 5 jig/ml of EtBr were prepared as 
described for HLA-DQa above except with different primers and 
target DNAs. These PCRs contained either primer pair HOPS' 
H8MA <wiW-type giobin speafic primers) or HCFSatyMS (sk*- 
lc-giobin specific primers) at 10 pmcJe each pruncr per FUt. 
These printers wete developed by Via ct aL->. Three different 
target DNAs were used in separate amplifications— 50 ng each 01 
human DNA that was homozygous for the sickle trait (SS). DNA 
that was heterozygous for the sickle trait (AS), or DNA that was 
homozygous for the w.l- globin <AA). Thermocycfing was for 30 
cycles at 94"C for 1 mm. and S5°C for 1 min. itsurg a "irtcp-cyefc 
Want. An annealing temperature of 55X bailWn shown by 
Wo « al.* 1 to provide alWc-spccifie awplifjeauon- ComplMid 
PCRs were photographed through a red fiter , <Wratten_23A) 
ate p&bg' the reason tubes wop a model TM-S6 transfflutfi- 
nator (DV-products San-Gabriel, CA). 

Fluorescence measnrement. f hwrescwceTiK^ieraenH were 
made oh PCRs containing EtBr in a Fluorc4og-2 flowmeter 
(SPEX. Edison. NJ). Excitation was at the 500 «m band with 
ahouYj nm bandwidth with * CC4SS ntj 
Grist Inc.. Irvine. CA) to exclude second-order hght 
y R ht was detected at 570 nm with a battdwiddl of about 7 nm. AJ> 
l>3 530 nm cut-off filter was used to remove the excitation ugw- 
Conb'otKKM Rnoreiicencc imraitormg of PCR. ConnnuWJi 
monitoring of a PCR in progress ^was accompiisbed using a c 
specu-ofiuSrometer and setdnga c^smbed above as *» 
fiberoptic accessory (SPEX cat no. 1950) to both send «atauon 
ficht tb. aod receive emitted light from, a PCR placed in a wcB oJ 
a model «0 uiermocycler (Perkm-Elmer Cetus). The probe : e^ 
of the fiberoptic cable was attached with "5 mro.utc-cpoxy w> «^ 
open top of a PCR tube (a 0.5 ml polypropylene centnfttgc W W 
wrth its cap removed) effectively scaling it The exposed top <" 
the PCR tube and the end of the fiberoptic table were siijcWW 
from room light and the room lights were kept dimmed during 
each run. Thi monitored PCR was an ampWcauon of *- db *°' t 
mosome-spedfic repeat secjMCDces a» described above. 
using an anncahng/extension temperauire of 50°C. Tncreacci-n 
was covered with Vu>e*al oil (2 drops) to prevent «™P°"$ 0 £ 
TbeiroocycUng and fluorcsccnsc rocasuremcnt vere 5UrteQ » 
multancously. A time-base scan widi a 10 second mtegraoort nw» 
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was used and the emission signal was ratioed to' the: excitation 
sign*] to control for changes in light-source intensity. Data were 
fleeted using the droSOOOl', version 2.5 (SPEX) data system- 
AcfcnowlcdnacntB 

We than* Bob Jones for help with the spectrofluormcmc 
mniuureinenM andJHeaihcrbcll Fong for editing this manuscript. 
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The CD-14 molecule is expressed on tht) surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopolysacchaiide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concentration of te soluble form is altered under 
certain pathologicai conditions. There, is evidence for 
an important role of $CD-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monitoring these patients. 

. FormoreinfotrriationcaHorfax. 



1BL offers an ELlSA for quantitative determination of 
soluble CD-14 in human serum, -plasma, cell-culture 
supematants and other biological fluids. 
Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/ml 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 
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SIMULTANEOUS AMPLIFICATION AND DETECTION 0 
SPECIFIC DNA SEQUENCES 

Russell HigncM", Gavin Doilrager', P. Sean Walsh m d ^^^"^ a 

Motobr to... 1400 5SW St.. Ero^Ote CA 8460S. >OUa O»p™o».. 1400 5«rf St. Km?**, CA 
jHfiOB. * Corresponding author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidinm bromide 
(EtBr) to a PCR. Since the fluorescence of 
EtBr increases in die presence of double- 
stranded (ds) DNA an tacrease in fluores- 
cence in such a PCR indicates a positive 
amplification,; which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits ofTCR 1 to elm 
kal diagnostks arc wctt kii6wi> 2 - 5 . it is sull not 
widely used in this setting, cvxri though u w 
four year* sinco thcrnx?rt»M« DNA polymer- 
ases* made PCR practical. Some of the reasons for its slow 
acceptance are high cost, lack of automation of pre, and 
post-PCR processing steps, and false positive results jrom 
arryovCT-contamination. The first two points arc related 
in that labor is the largest contributor to cost ait the present 
staee of PCR development. Most current assays requite 
some form of "downstream" processing once *™cy- 
ding is done in order ta determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybridation 8 -* gel ekctropboresis with or 
without use of restriction digestion™ H PLC 9 , or capillary 
elemophorcsw 10 . These methods arc laboMruensc, have 
low throughput, and arc difficult to automate. The trura 
point is also cWy related to downstream processing. 
The handling of the PCR. product in these .<^Mtrom 
processes increases the chances that amplified DNA will 
spread through the typing lab, resulting in a risk ot 



carryover" false positives in subsequent testing . 
These downstream processing steps would be elut- 
riated if specific amplification and detection of ampbned 
DNA took place simultaneously within an unopened re- 
action vessel Assays in which such different processes take 
place without the need to separate reaction components 
lave been termed 'Ijomogeneous". No truly hornogc- 
rieous PCR assay has been demonstrated to date, although 
prowess towards this end has been reported. Chehab, « 
al.™ developed a PCR product detection scheme using 
fluorescent primers that resulted in a fiuorcscent PCR 
product Alldc^pecific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still oe 
removed in a downstream process in order « vsuatas the 
result Recently, Holland, et al. 1 *, developed » 
Which the endogenous 5' exOnudease assay of Taq DNA 
polymerase was exploited to cleave a bbelcdoligonucleo- 
ude probe. The probe would only cfcave if PCR amplifi- 
cation had produced its complementary sequence, to 
order to detect the cleavage products, however, a subse- 
quent process is again needed. . 

We have developed a truly homogeneous assay For FOR 
and PCR product detection based upon the greatly in- 
creased fluorescence that ethidiura bronude and other 
DNA binding dyes exhibit when they are bound .to_ds- 
DNA t4-ie. As outlined in Figure 1, a prototypic PCR 
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TOVBE 1 -Principle of simultaneous amplification and delect ion of 
PCR product The componcniiofa pCRcoowinb^ Z&r dial sra 
fliwreseentarelisted-itBritself, EtBr bound tocrtherssDNAor 
dsDNA . There is a large auoreseencc enhancement wricniLBr is 
bound to DNA and binding is greatly enhanced when ENA is 
droblc-sirandcd. After sumdent <n)..cwte rf PCR. the net 
increase in dsDNA results in additional EtBr binding, and 9 net 
increase in total -fluorcsccncE: 
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IKQK 2 Gel electrophoresis of PfJR amplification products of the 
human, mtdcar gene, HLA DQo, made in the pretence of 
increasing amounts of EtSr (up to 8 M-g/tnl). The presence of 
£tBr lias ho obvious effect on the yield or specificity of amplifi- 
cation. 





ROOK 9 (A) Fluorescence measurements froth PCRs that contain 
0.5 ptg/m! EtBr and that are specific for Y-cJiromosoine repeat 
sequence*. Five replicate PCRs were begun containing each of the 
DNAs specified. At each indicated cycle, one of the five replicate 
PCRs for each DNA was removed from thcrmocy ding and Hs 
fluorescence measured. Uniu of fluorescence are arbitrary. (B) 
UV photography of PCRtubet (0.5 ml Eppcndorf-style, polypro- 
pylene microcentrifuge tubes) containing reactions, those start- 
ing from 2 ng male DNA and control reactions without any DNA, 
from (A). 



begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA to 
micrograms per PCR^ 8 . If EtBr is present, the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr hsclf, and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its intercalation between the stacked bases of tbe DNA 
doublc-hcftx). After the first denatutation cyde, target 
DNA will be largely single-stranded. After a PCS is 
completed, the most significant change is the increase in 
tbe amount of dsDNA (tbe PCR product itself) of up to 
several nucrognims. Formerly free EtBr is bound to the 
additional dsDNA, rcswlting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because tbe binding of EtBr to ssDNA 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even continuously during, thermocy- 
cling. 

RESULTS 

PCR in the presence of EtBr. In order to assess the 
affect of EtBr in PGR, amplifications of the human HLA 
I>Qa gene 1 ' were performed with the dye present at 
concentrations from 0.06 to 8.0 ng/ml (a typical concen- 
tration of EtBr used tn staining of nucleic aods following 
get electrophoresis is 0.5 p-g/mf). As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR. 

Detection of human Y -chromosome specific ««- 
<penc«s. Sequence-specific, fluorescence enhancement of 
EtBr as a result of PCR was demonstrated in a series of 
amplifications containing 0.5 ug/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc**'. These PCRs initially contained either 
60 ng male, 60 ng female, 2 ng male human or no DNA. 
Five replicate PCRs were begun for each DNA. After 0, 
17,21, 24 and 29 cycles of thermocyding, a PCR for each 
DNA was removed from the thermoeyder, and its fluo- 
rescence measured in a spectroflnoroffieter and plotted 
vs. amplification cyde number (Fig. 3A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 8 ng— dw fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electiwhcwesis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male DNA containing 
reactions and that little DNA synthesis took, place tn the 
control samples. 

In addition, the increase in. fluorescence was visualized 
by simply laying the completed, unopened PCRs onaUV 
transOhiminatOr and photographing them through a red 
filter. This is shown in figure SB lor the reactions that 
began with 2 ng male DNA and those with no DNA- 

Detection of specific alleles of the human 6-globin 
gene. In order to demonstrate that this approach has 
adequate spedncity to allow genetic screening, a dttccuon 
of the sickle-ceil anemia mutation was performed. Figure 
4 shows the fluorescence from completed ampfificationj 

containing EtBr (0.5 ng/xnl) « det*et*d by photography 
of the reaction cubes on a UV tnmsuluminator. These 
reactions were performed using primer* specific tor ci- 
ther the wild-type or sickle-cell mutation of the human 
fj-globin gene*'. The specificity for each allele is unpart^j 
by placing the sickle-mutation site at the terminal 3 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension— and thus am- 
plification— can take place only if the 3' nucleotide of the 
primer is complementary to the B-gJobin allele present ' ■ 
Each pair ofampimcauons shown in Figure 4 consists ol 
a reaction with either the wiW-typc allele Spedfic (left 
tube) or sieklc-allele spedfic (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type B-globin individual (AA); from a heterozygous 
sickle A-gk>bin individual (AS); and from a homozygous 
sickle B-globin individual (SS). Each DNA (50 ng genoroJc 
DNA to start each PCR) was analysed in tripKcatc (3 pan? 
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f pactions each). The DNA .type was reflected m the 
Ljative fluorescence intensities in each pair of completed 
r TrJificatiorts. There was a significant increase in fluores- 
ce only where a pVglobin allele DNA matched the 
tinier set. When measured on. a spcctroStiorometcr 
i tfl n ot shown), this 6uorcsccn.ee was about three times 
W present in a PGR where both B-globm alleles were 
Inismatched r.o the primer set. Gel electrophoresis (not 
ILwa) established that this increase in fluorescence was 
Hue to *e synthesis of nearly a microgram of a DNA 
Lament of the expected size for p^lobin. There was 
jitdc synthesis of dsDNA in reactions m which the allele- 
.necinc primer was mismatched to both alleles. 
* Continuous moswtoriog of a PGR. Using a fiber optic 
deviecril »* possible to direct excitation illumination from 
j, spcctroflnorometer to a PGR undergoing thermocyebng 
and to return its fluorescence to the RpectroRuororoetCT. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBt-containing amplification of Y-chromo- 
sotnc specific sequences from 25 ng of human male DNA, 
£ show in Figure 5. The readout from a control PCR 
vMx no target DNA is also shown. Thirty cycles of PCR 
were monitored for each- 

The fluorescence trace as a function of time clearly 
shows the effect of the thermocyeling. Fluorescence inten- 
tly rises and . bib inversely with temperature. The fluo- 
rescence intensity is minimum at the denaturaiion lem- 
oerature (M°Q and maximum at the annealing/extension 
tcmpcratwrc (50°C). In the negative-control PCR, these 
fluorescence maxima and minima do not change signin- 
csmtly over the thirty tbormocycJcs, indicating that there is 
Utile dsDNA synthesis without the appropriate target 
DNA, and there fa little if any Weachmg of EtBr during 
the continuous illumination Of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begm to 
increase at about 4000 seconds of therroocyebng, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denatmatibo temperature do not 
significantly increase, presumably becauseal this temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluorcs^ 
eence increase at the annealing temperature. Analysis Of 
ihc products of these two ampbficationsby gelclc^pno- 
rcsis%bowed a DNA fragment of the eicpectcd «ie for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
wence^pedfic probe can enhance the specificity of DNA 
decevuw. b> FCR. The ctimijMtwn of tl**c processes 
means that' the specificity of this homogeneous «say 
depends solely on that of PCR. In the case of 
dl«Me, wc ha vc shown that PCR alone sufficient DNA 
sequence spedficiiy to permit gencuc scteenmg. Usmg 
appropriate amplification conditions, there is hide non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required to do genetic screening, 
ttepcndinK on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A diBicuk target is HIV, which requires i detection 
of a viral genome that can be at the level of a few copies 
per thoiisands of host cells*. Compared with generic 
screening, which is performed on cells containing at least 
one conyof the target sequence. HIV detection requires 
both more specificity and the inpxtt of more mt«rf 
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mm * UV photography ©f ^ tubes COTtainhuj ttnpuTjcaironi 
using EtBr »h?t art specific to wiW-type (A) or *ic5l< »> alldes cf 
the mnran p-glcbin gene. The tefi^of ««h pwrof tubes contains 
aDele-spedfie prime» to the wild-type aueks. the right tube 
pri^rTw the sickle sJkk- The phwograph vw »ien after 30 
cycles of PCR, and the input DMAs an3 tfie alleles thev owittm 
are 'indicated. Fifty M of DNA was used W bepn TCR. Typtng 
was done in uij^catc (3 pairs of PCRs) for each input DNA: 
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was osed W carry exdtauon h|btto a » F^^J% 
ttmmi light back to a Booromctcr (see E*P|nmc^PK*oc^. 
Anrptificauon using human 

«tarun« with 20 ng of human male DNA Oof), ™ '» * eomrol 
PGR without DNA. (bottom), were, monitored. Thutv cydes of 
PCR were fojWd for each. The temperature cycled between 
9^C (denVturation) and &TC (annealing and exttusion}. Note m 
STc male DNA PCR,. the cycte M dep««Jcnt maease m 
fluorescence at the anneafiti^ejrteDsion teropetature. 
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DNA — up to microgram amounts — in order to have suf- 
ficient numbers of target sequences. This larg« amount of 
starting DNA m an amplification sigDitjcantly increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occur; with targets in low 
copy-number is the formation of the 'primer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer « a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PCR targets if those targets are rare. The primer- 
dimer product is of course dsDNA and thus is a potential 
source of false signal in this homogeneous away. 

To increase PCR specificity and reduce the effect of 
primer-dimer amplification, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications dtat take place in a single tube 2 , and the 
"hot-start", in which nonspecific amplification i* reduced 
by raising the temperature of the reaction before DNA 
synthesis begins**. Preliminary, results using these ap- 
proaches suggest tbatprimcr-diracT is effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* celts. With larger numbers of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence -specific DNA-bindirig dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' "add-on" to 
the oligonucleotide primer 2 "'. 

We have shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
ihermocycling. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. Hie fluorescence analysis 
of completed PCRs is already possible with existing instru- 
mentation in 96-well format**. In this format, the fluores- 
cence in each PCR can be cjuantitated before, after, and 
even at selected points durmg therreocyenng by moving 
the rack of PCRs to a 96-micrc«wc)I plate fluorescence 
reader 20 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
Muring Pf*.R a fluorescence increase is detected. Prelimi- 
nary experiments <Higucht and Dolhnger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
Known — as it can be in genetic screening— continuous 
monitoring may provide a means pf detecting false posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
results due to, for example,. inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles—many more than arc necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event before any test based ©n this 
principle is ready for the clinic, an assessment of its false 
positive/false negative rates will need to be obtained "using 
a large number of known samples. 

In summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect speciac DNA amplification from outside 
he PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
n applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Hamas HLA-DQ" ge»* *oipHfioukma containing EtBr. 
PCRs were set up in 100 |*l volumes containing 10 mM Tris^HCl, 
pH 8.3; 50 mM KC1; 4 mM MgClj: 23 unit* of To* DNA 
polymerase (Ffcrltm-Ermcr Gems. Norwalk, CT>; 20 prrible each 
of human HlA-DQa ' gene specific oligonucteoade primers 
(HM6 and CH27 19 and approjarciateljr W copies of DQto PC* 
product diluted from a previous reaction. Elhidium bromide 
(Eton Sigma) was used at the concentrations indicated io Figure 
L Therraocyding proceeded for 20 cycles in a model 4S0 
thermocycter (Perkjti-EJmer Cccus, Norwalk, CT) using a "step- 
cycle" program of 94*C for 1 min. denaturadon and WC for DO 
sec. annealing and 72'C for 30 sec. extension. 

Y-chromfwome specific PCR. PCRs (100 ul total reaction 
volume) containing 0.5 jicAnl EtBr were prepared as described 
for HLA-DQa, except with different primeri and target DNAs. 
These PCRs contained 1 J> pmoh: each male DN A-spccifk primers 
YI . 1 and V 1.2*°, and cither 60 rrg male, 60 eg female, 2 ng male, 
or no human DNA. Thermocyding wasMK3Tor ( min. and WC 
for 1 min using a "step-cycle* program The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment js described bckrw. , 

All c4c -specific, human p-gtofeia groe PCR. Amplifications of 
100 p-1 volume usm£ 0 5 MfiAnl of EtBr were prepared aj 
described for HLA-DQa above except with different primer* and 
tared DNAs. These PCRs contained eilW. primer pair HOPS/ 
H814A <wiW-type globin specutc primers) or HCFS/HpMS (Mdc- 
lc-globin specific primers) at 10 pmole each pruncr pcrFCR. 
These orimers were developed by Wu ct aL- 1 . Three different 
target »NA* were used in separate amplifications— 50 ng cacti of 
human DNA that was homozygous for the sickle trait <SS). DNA 
that was heterozygous for the sickle Matt (AS), or DNA that was 
homozygous for the w.l. globin (AA). Thcrmocycrmg was ftirSO 
cycles at 94"C for 1 min. and SS°C for 1 min. it6uvg a "stcp^ycte 
prouram. Au anncalmg temperature of $h°C hrt been shown try 
Wu et al. si to provide ailclc-spcrifk amplification. Completed 
PCRs were photographed through a red fito {Wratren„23A) 
after pladh g r the reacrW tubes amp a model TM-36 tronsffluwi- 
nator (UV-pTOductS Sah'Gabrfel, CA). 

Fluorescence rne^nrianeirL Fluorescence rncasureroenw were 
made oh PCRs containing EtBr in a FluoroJog-2 flOorometer 
(SPEX. Edison, NJ). Excitation was at the 600 lira banJ with 
•item 2 nm bandwidth with a CG 4M nrn cutoff ««frJ««g" 
Crist. Inc.. Irvine. CA) to exclude sccc^-order bght. Emitwa 
y 8 ht was detected at 5?0 nm with a bandwidth of about 7 nm. An 
OG 530 »m cut-off filter was used to remove the exotauon ng)"- 
Contittuotaa rtoorescenc* monitoring of PCR. Co»rmuou* 
monitoring of a PCR in progress was accomplished usmg tnc 
spectrofluorometcr and setdngB described above as well as a 
fiberoptic accessory (SPEX cat no. 1950) to both send excitation 
fight tb. and rceehi emitted Ughc from, a PCR pW m a wcU oi 
a model «0 werWydcr (Pcrkb-Elnier Celus). The probe eno 
of the Rbcrcptic cable was attached villi "5 mro.utc<poxy to tw 
open top of a PCR tube (a 0.5 ml pc4ypropyienc centnft«c woe 
with its cap removed) effectively scaling rc The exposed top 
the PCR tube and the end of the fiberoptic catfc were s>'*«? c ° 
from room light and the rOOM lights were kept dutuned durmg 
each run- The monitored PCR was an amplification of r-Q" 0 " 
roosdmc-spedfic repeat seuwefices as A^bed above, except 
usirjff an anncafingtoctension lemperauirc of5(TC. Tncreacm"' 
was covered with mineral oil (J drops) to prevent evaporation. 
Tbcrrocicyding and fluorescence measurement were started « 
multancously. A time-base scan witfi a 10 second integration tune 
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K as used and the emission signal was rarioed to' tbr. excitation 
jusnal to control lor chanftw in li$ht-sourcc intensity. Data were 
fleeted using the droSTOOf, version 2.5 (SPEX) data system. 
Ac*f»w)e4£incnt8 

W« llWHK Bob Jones for help with the spectrofluormwric 
DMtmtfrcmei its and .Hcathert>ell Fonjr for editing this manuscript. 
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IMMUNO BIOLOGICAL LABORATORIES 



SCD-14EUSA 

Trauma, Shock and Sepsis 




The CD- 14 molecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipoporyisacchaiide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concentration of Its soluble form is aftered under 
certain pathological conditions. There- is evidence for 
an important role of sCD-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monttortng these patients. 



IBL offers an ELISA for quantitative determination o{ 

soluble CD-14 in human serum, -piasma, cell-culture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/ml 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 



For more information call or fax 



GESELLSCHAFT FUR IMMUNCHEMIE UND -BIOLOGIE MBH 

0STERSTRASSE 86 ■ D- 2000 HAMBURG 20 • GERMANY- TEL. +40/491 00 61-64 • FAX +40 /40 11 98 

' botechnqlogv vg io Ait ■ 



PAGE 6/6 * RCVD AT 7/19/2004 3:10:03 PM [Pacific Daylight Time] * SVR:SVCS01/0 * DNIS:6638 * CSiD:650 952 9881 * DURATION (mm-ss):04-46 



From (613) 991-5695 



Order 



1209DP04816741 Mon 24 Oct 2005 08:^K|5 PM EDT 



Page 2 of 7 



lllllResearch 



Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth j. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Giusti, and Karin Oeetz 

Perkin-Elmer, Applied Biosystems Division, Foster City, California 94404 



The 5' nucleate PCR assay detects the 
accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenk probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An increase 
in reporter fluorescence intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the 5' -»3' nucle- 
olytlc activity of Tog DNA polymerase. 
In this study, probes with the 
quencher dye attached to an internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3 '-end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal in the 5' nuclease PCR assay than 
the Internally labeled probes. It is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Taq DNA polymerase 
when the probe is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase in reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybridiza- 
tion probes. 



homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et al. a) 
The assay exploits the 5'-»3' nucle- 
olytic activity of Taq DNA poly- 
merase (2,3) and is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched If the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET). (4 - S » During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -* 3' nucleolytlc 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. <6) Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled piobe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfluorescein (6- 
FAM) phosphoramidite, 6-carboxytet- 
ramethylrhodamine succinimidyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3'-blocklng phosphate, 
were obtained from Perkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-Iabeled phos- 
phoramidite at the 5' end, LAN replacing 
one of the T's in the sequence, and Phos- 
phalink at the 3' end. Following de- 
protectlon and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 250 
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Polymerization 



Forward 
Primer 



Probe 



Strand displacement 



Reverse 
Primer 



5'. 

3'- 



-5' 

-3' 
■5" 



Cleavage 



5', 

3'- 

5'- 



Ip3' 



Polymerization completed 




-3' 
"5' 



nw Na-bicaibonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore C„ 220x4.6- 
mm column with 7-|im particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the IAN-TAMRA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRA at nucleotide position 7 from the 
5' end. 



PCR Systems 

All PCR amplifications were performed 
in the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-^1 reactions that con- 
tained 10 raw Trls-HCl (pH 8.3), SO mw 
KC1, 200 um dATP, 200 jlm dCTP, 200 p.M 
dGTP, 400 |j.m dUTP, 0.5 unit of AmpEr- 
ase uracil N-glycosylase (Perkin-Elmei), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 295-bp seg- 
ment from exon 3 of the human p-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Nakajlma-H|ima et al.) <7) was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al. <8) Actin am- 
plification reactions contained 4 mM 
MgCl 2 , 20 ng of human genomic DNA, 
50 nM Al or A3 probe, and 300 nM each 



F119 
B119 
P2 
P2C 
I'S 
PSC 
AFP 
ARP 
Al 
A1C 
A3 
A3C 



primer 
primer 
probe 

complement 
probe 

complement 
primer 
primer 
probe 

complement 
probe 

complement 



primer. The thermal regimen was 50°C 
(2 min), 95"C (10 min), 40 cycles of 95'C 
(20 sec), 60°C (1 min), and hold at 72°C. 
A 515-bp segment was amplified from a 
plasmid that consists of a segment of \ 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgClz, 1 ng of plasmid DNA, 50 nM P2 or 
P5 probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95^ (20 sec), 57°C (I min), and 
hold at 72°C. 



Fluorescence Detection 

For each amplification reaction, a 40-yJ 
aliquot of a sample was transferred to an 
individual well of a white, 96-well mlcro- 
titer plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation ni- 
ter, and a 51S-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
Q. value) using a 10-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the Taw emission data. 
First, emission intensity of a buffer blank 
is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



Sequence 

ACCXACAGGAACTGATCACCACTC 
ATGTCGCGTrCCGGCTGACGTTGTGC 
TCGCATTACTGATCGTrGCCAACCAGTp 
GTACTGGTTGGCAACGATCAGTAATGCGATG 
CGGA'lTTGCTGGTATCTATGACAAGGATp 
TTCATCCTTGTCATAGATACCAGCAAATCCG 

TCACCCACACTGTGCCCATCTACGA 
CAGCGGAACCGCrCATTGCCAATGG 
ATCCCCTCCCCCATGCCATCCTCCGTp 
AGACGCAGGATGGCATGGGGGAGGCCATAL 

CGCCCrGGACFTCGAGCAAGAGATp 
CCATCTCTTGCTCGAAGTCCAGGGCGAC 



r 

Fox each oligonucleotide used in this study, the nucleic prised 
5' - 3' direction. There are three types of oligonucleotides: PCR pnmer, flu0 '^f lc ? for the 
I *eV assay, and complement used ^^^X'SSlS^^ 

probes, the underlined base Indicates a poslUon where LAN with tamka ana 
kited for a T. (p) The presence of a 3' phosphate on each probe. 
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A1-2 • RAQGCCCTCCCCCATGCCATCCTGCGTp 

A1-7 RATGCCCQCCCCCATGCCATCCTGCGTp 

A1-14 RATGCCCTCCCCCAQGCCATCCTGCGTp 

A1-19 HatgccctcccccatgccaQcctgcgtp 

A1-22 RATGCCCTCCXX'CATGCCATCCQGCGTp 

A1-26 RATGCCCTCCCCCATGCCATCCTGCGQp 



Probe 


518 nm 


582 nm 


RQ- 


RQ+ 


ARQ 




no temp. 


+ temp. 


no temp. 


+ temp. 








A1-2 


25.5 i 2.1 


32.7±1.9 


38.2 ±3.0 


38.2 ±2.0 


0.67 + 0.01 


0,86 ±0.06 


0.19 + 0.06 


A1-7 


53.5 + 4.3 


395.1 ±21.4 


108.5 ±6.3 


110.3±5.3 


0.49 ± 0.03 


3.58 ±0.17 


3.09 ±0.1 8 


A1-14 


127.0 ±4.9 


403.5 ±19.1 


108.7 ±5.3 


93.1 ±6.3 


1.16 ±0.02 


4.34 ±0.15 


3.18 ±0.15 


A1-19 


187.5 ±17.9 


422.7 ±7.7 


70.3 ±7.4 


73.0 ±2.8 


2.67 ±0.05 


5.80 ±0.15 


3.13 + 0.16 


A1-22 


224.6 ±9.4 


482.2 ± 43.6 


10O.O±4.O 


96.2 + 9.6 


2.25 ± 0.03 


5.02±0.11 


2.77 ±0.12 


A1-26 


160.2 ±8.9 


454.1 ± 18.4 


93.1 ±5.4 


90.7 ±3.2 


1.72 ±0.02 


5.01 ±0.08 


359 ±0.08 



FIGURE 2 Results of 5' nuclease assay comparing B-actin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PCR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm. 
Reported values are the average±l s.D. for six reactions run without added template (no temp.) 
and six reactions' run with template (+temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and RQ* values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
to-well variations in probe concentra- 
tion and fluorescence measurement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ - ) from the RQ value for the com- 
plete reaction including template 
(RQ*). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher wiere tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human p-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PCR that amplified a segment 
of the B-actin gene containing the target 
sequence. Performance in the 5' nu- 
clease PCR assay is monitored by the 
magnitude of ARQ which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ - values indi- 
cate that probes Al-14, Al-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ" values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminal Nucleotide 



518 nm 



582 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ" 


RQ + 


ARQ 


A3-6 
A3-24 


54.6 ± 3.2 
72.1 ± 2.9 


84.8 ± 3.7 
236.5 ± 11.1 


116.2 ±6.4 
84.2 ± 4.0 


115.6 ±2.5 
90.2 ± 3.8 


0.47 * 0.02 
0.86 ± 0.02 


0.73 i 0.03 
2.62 ± O.OS 


0.26 ± 0.04 
1.76 ± 0.05 


P2-7 
P2-27 


82.8 ± 4.4 
113.4 ± 6.6 


384.0 ± 34.1 
555.4 ± 14.1 


105.1 ± 6.4 
140.7 ± 8.5 


120.4 ± 10.2 
118.7 ± 4.8 


0.79 ± 0.02 
0.81 ± 0.01 


3.19 + 0.16 
4.68 ± 0.10 


2.40 + 0.16 
3.88 ± 0.10 


PS-10 
P5-28 


77.5 ± 6.5 
64.0 ± 5.2 


244.4 ± 15.9 
333.6 ±12.1 


86.7 ± 4.3 
100.6 * 6.1 


95.8 ± 6.7 
94.7 ± 6.3 


0.89 ± 0.05 
0.63 ± O.02 


2.55 ± 0.06 
3.53 * 0.12 


1.66 ± 0.08 
2.89 ± 0.13 



Reactions containing the indicated probes and calculations were performed as described in Material and Methods and in the legend to Fig. 2. 

KK Methods and Applications 3S9 

PAGE 4/7 • RCVD AT 10/24/2005 5:55:20 PM pacific Daylight Time] • SVR:SVCS01/0 * DM8:6034 * CSID:(613) 991-5695 • DURATION <mnvss):0546 



From (613) 991-5695 



Order 



12Q9PP04816741 Mon 24 Oct 2005 08:, 



PM EDT 



Page 5 of 7 



Researchllllll 



fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 * effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 * concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7), the RQ value at 
0 mM Mg 2 * is only slightly higher than 
RQ at 10 mM Mg 2 *. For probes Al-19, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg 2 * are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg 2 * followed by 
a gradual decline as the Mg 2+ concen- 
tration increases to 10 mM. Probe Al-14 
shows an intermediate RQ value atO mM 
Mg 2 * with a gradual decline at higher 
Mg 2 * concentrations. In a low-salt en- 
vironment with no Mg 2 * present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2 * ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg 2 * effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the rhodamine dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



518 nm 



582 nm 



RQ 



Probe 



ss 



ds 



ss 



ds 



ss 



ds 



Al-7 

Al-26 

A3-6 

A3-24 

P2-7 

P2-27 

PS-10 

P5-28 



27.75 
43.31 
16.75 
30.05 
35.02 
39.89 
27.34 
33.65 



68.53 
509.38 

62.88 
578.64 

70.13 
320.47 
144.85 
462.29 



61.08 
53.50 
39.33 
67.72 
54.63 
65.10 
61.95 
72.39 



138.18 
93.86 
165.57 
140.25 
121.09 
61.13 
165.54 
104.61 



0.45 
0.81 
0.43 
0.45 
0.64 
0.61 
0.44 
0.46 



0.50 
5.43 
0.38 
3.21 
0.58 
5.25 
0.87 
4.43 



(ss) Single-stranded. The fluorescence emissions at 518 or 582 nm for solutions con tuning a final 
SSSon of SO nM indicated probe, 10 mM Tris-HCl (pH 8.3), 50 mM KO, and 10 mM MgCl, 
^Double-stranded. The solutions contained, in addition, 100 nM A1C fo, V"%**\ 7 ™* 
Al-26, 100 nM A3C for probes A3-6 and A3-24, 100 nM P2C for probes P2-7 and P2-27, or 100 dm 
pic for probes PS-10 and P5-28. Before the addition of MgCl 2 , 120 ^ of each sample was heated 
at 95<C for 5 min. Following the addition of 80 ^1 of 25 m M MgCl 2 , each ^ample : was allowed to 
cool to room temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 ran. If 
TAMRA is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factoT causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5' nuclease PCR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterized by the 
value of RQ", which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PCR. In- 
fluences on the value of RQ include 
the particular reporter and quencher 
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mM Mg 

FIGURE 3 Effect of Mg z+ concentration on RQ ratio for the Al series of probes. The fluorescence 
emission intensity at 518 and 582 nm was measured for solutions containing 50 nM probe, 10 mM 
Trls-HCl (pH 8.3), 50 mM KC1, and varying amounts (0-10 mM) of MgCl 2 . The calculated RQ 
ratios (518 nm intensity divided by 582 nm intensity) are plotted vs. MgCl 2 concentration (him 
Mg). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe. (1) 

The rise in RQ" values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ~ values 
Is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" than the in- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ~ 
value. For the PS probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ~. . 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PCR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the S' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2°C-3°C reduction 
in T m has been observed for two probes 
with internally attached TAMRAs. (9) This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of Increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al. (1> demonstrated that allele-spedfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the S' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target, thus, probes 
with a quencher attached to an Internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in real time means that these pTobes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al.° 0) describe just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PCR amplifi- 
cation. 



uct by utilizing the 5' to 3' exonuclease 
activity of Thermits aquattcus DNA poly- 
merase. Proc NatL Acad. Sri. 88: 7276- 
7280. 

3. Lyamichev, V., MAD. Brow, and J.E. 
Dahlberg. 1993. Structure-specific endo- 
nucleolytic cleavage of nucleic acids by 
abacterial DNA polymerases. Science 
260: 778-783. 

4. Forster, V.Th. 1948. Zwischenmolekulare 
Energiewanderung und Fluoreszenz. Ann. 
Phys. (Leipzig) 2: 55-75. 

5. Ukowicz, J.R. 1983. Energy transfer. In 
Principks of fluorescent spectroscopy, pp. 
303-339. Plenum Press, New York, NY. 

6. Stryer, L and R.P. Haugland. 1967. Energy 
transfer: A spectroscopic ruler. Proc. Natl 
Acad. Sci. 58: 719-726. 

7. Nakajima-lijima, S., H. Hamada, P. Reddy, 
and T. Kakunaga. 1985. Molecular struc- 
ture of the human cytoplasmic beta-actin 
gene: Inter-species homology of se- 
quences in the introns. Proc. Natl Acad. 
Sci. 82:6133-6137. 

8. du Breuil, R.M., J M. Patel, and B.V. Men- 
delow. 1993. Quantitation of B-actin-spe- 
cific mRNA transcripts using xeno-com- 
petitive PCR. PCM Methods AppUc. 3: 57- 
59. 

9. Livak, K.J. (unpubl.). 

10. Bagwell, C.B., M.E. Munson, R.L. Chris- 
tensen, and E.J. Lovett. 1994. A new ho- 
mogeneous assay system for specific nu- 
cleic acid sequences: Poly-dA and poly-A 
detection. Nucleic Acids Res. 22:2424- 
2425. 



Received December 20, 1994; accepted in 
revised form March 6, 1995. 



ACKNOWLEDGMENTS 

We acknowledge Lincoln McBride of 
Perkin-Elmer for his support and en- 
couragement on this project and Mitch 
Wlnnik of the University of Toronto for 
helpful discussions on time-resolved flu- 
orescence. 



REFERENCES 

1. Lee, L.G., C.R. Connell, and W. Bloch. 
1993. Allelic discrimination by nick-trans- 
lation PCR with fluorogenic probes. Nu- 
cleic Acids Res. 21: 3761-3766. 

Z. Holland, P.M., R.D. Abramson, R. Wat- 
son, and D.H. Gelfand. 1991. Detection of 
specific polymerase chain reaction prod- 

362 PCR Methods and Applications 

7/7 ' RCVD AT 10/24/2005 5:55:20 PM [Pacific Daylight Time] • SVR:SVCS01/0" DNIS:6034 • CSID:(613) 991-5695 * DURATION (mm-ss):* 



From : BML 



PHONE No. : 310 472 0905 



Dec. 05 2002 12:20R1 Pll 



BY COPYnUUIT LRVM (17 U.S. LOOB 



GliNOMl MF1HODS 



Real Time Quantitative PCR 

Christian A. Heid, 1 Junko Stevens, 2 Kenneth ). Livak, 7 and 

P. Mickey Williams 1 ' 3 

^icAna.ytica. .echno.ogy D^un^t. Gcnentcch, Inc., ^""J^^^*^ 
"Applied UioSysiems OivWwi of Pftrkln Clrner Corp., Fo S l« City, California V^»« 



Wc^ve d^iopedTTove. "rea. Jim." q uanO W Uv C P« ^ T*^^ giff!S 
accumulation through a dual-landed N^ 0 * X Un i^oll^ 

SlSS UhWn»*l«. ton a.rr.n. PCR method, . 



Quantitative nucleic acid sequence analysis Mas 
had an important rnlfe in many fields of biologi- 
cal resenrch. Mcasuionic.ni of gene expression 
(UNA) has bRf.ii used extensively In monitoring 
biological responses to various stimuli (Tan ft al, 
1994; Huang el al. I995a,b; Prud'homme et al. 
1995). Quantitative gene analysis (T;NA) has 
Ix-cn ujctl in dr.itsm»"me the genome quantity of a 
particular gene, as in the case or the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon el al. 1987). Ccnc and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human iiTuniinodcficiency virus 
(IIJV) burden demonstrating changes in the lev- 
els of vims throughout the different phases of the 
disease (Connor «t al. 1993; Platak el al. jyy:sb; 
lurtado el al. 1995). 

Many methods have, been described for tin: 
quantitative analysis ot nucleic acid sequences 
(both for UNA and DNA; Southern ly/S; Sharp ct 
al. 19K0; Thomas 19«0). Recently, PCR has 
proven to be a powerful tool f«T quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (RT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has mode, pos- 
sible many experiments that could not hove been 
performed with traditional mt-thods. Although 
PCR has provided a powerful tool, it is imperative 
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thai it be used properly quontitudon (U.«y. 
maekro 1WS). Many early rejwrls of qualita- 
tive l»CK and RT-PCR described quantitation of 
the VCR product but did not measure, the initial 
target sequence, quantity. II is essential to design 
proper controls for the quantitation of the initial 
target sequences (Pcrrc 1992; Clement I ct al. 
100?.) 

Keivwifchcrs have developed several methods 
of quantitative l'CR and RT-PCR. One approach 
measures 1»CR product quantity in the log phase 
of the reaalon before the plateau (Kellogg et al. 
1990; Panfi ct al. 1990). This method requires 
that each sample has equal Input amounts of 
. nucleic- add and that each sample under analysis 
amplifies with idwiil ital efneiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in «H samples at relatively constant quan- 
tity, such as p-aolln) can be usad for sample* 
umpliTication efficiency norrnaltention. Usln« 
conventional methods of PCU detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are. analyzed during the log phase 
of the miction (for both the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QO-PCR, has been ^eloped 
and is used widely for PCR quantitation. QC-l'CR 
n-lics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
rlatak l-I al. I993.,b). The efficiency of each re- 
action is normalised to the Internal competitor. 
a i,.mwn amount o( Internal competitor can be 
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added to each sample. To obtain relative nnnnl- 
tallon, Ihe unknown target PGR pKKlutt is com- 
pared with the known competitor PCK product. 
.Success of a quantitative competitive I'CU assay 
relics on Cievcloping an Internal control Hint am- 
plifii-* wltli the same efficiency as iliv uugwl mol- 
ecule. TJlC design of the compctltoi and the vali- 
dation of amplification efficienc-le* icquire a 
dedicated effort. However, becnusc Qf^-I'CR does 
not require that PCR ptoducts be analyzed during 
the log phase of Ihe. amplification, it is tin; easier 
of the lwcj methods to use. 

Several detection systems wiv uwd for quan 
illative PCR and RT-K'.U analysis; (1) agarose 
gels, (2) fluorescent labeling of KIR products and 
detection with Insirr-iiiduecd fluorcsecncc using 
capillary elcctrophorcsiri (husco ft al. 1995; Wil- 
liams et al. 1996) or acrylamlde gels, and (3) jjImIc 
capture and sandwich piobe hybridization (Mul- 
der el al. 1994). Although these method* pruvrd 
successful, each method requires posl-l'CR ma- 
nlpulaTlons That add Time U) the analysis and 
limy lead to htbu'aluty <■ «»nlnii , iluation. The 
sample throughput of these iiictliud> is llmllcd 
(wll)i I he i-xc.epilon of the plate capture ap- 
proach), thwrisfuri:, these methods ore not 
well suited ft" u.«s» demanding high sample 
throughput (I.e., .screening of large numbers of 

bli)tliult%.ul<rh ui diudy/.ln^ SAmplva fox diagnos- 
tics or clinical trials). 

Here we report the development of ;i novel 
ussay for quantitative !)NA analysis. The assay is 
based on 1h* use -of the .1' -nuclease assay first 
described by Holland et al, (199]). The method 
uses the •■»' nuclease Activity of "/'■«/ polymerase to 
cleave a noncxtcndlblc hybridl/aiiori probe dur- 
ing t>ie extension phase- of I'CU. Tin: approach 
uses dunl-Inbclcd fluorojjcnic hybridization 
probes (Lee. et r>3. 1993; flossier ct al. 194>3; l.lvak 
et al. 1995a, b). One fluorescent dye servv.s as a 
reporter |FAM (i.e., G-carboxyfluorwaeci")| and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (i.e., u-carboxy-tetrnmethyl- 
lhodaminc). The nuclease degradation of the hy- 
hrtdl/Jitlon probe releases the quenching of Ihe 
I'AM fluorescent emission, resulting in an In- 
uease in peak fluorescent emission at SIB nm. 
"Hie use Of a sequence detector (A1J1 Prism) allows 
measurement of fluorescent spectra of all 96 wells 
of me thermal cycler continuously during the 
1"CK amplification. Therefore, the reaction* aic 
monitored in real time. The. oinpui data is de- 
scribed and quantitative analysis of input luigcl 
l)NA sequences is discussed below. 
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RESULTS 

PCR Product Dercalon in R«al Time 

"lite goal was to develop a high-throughput, sen- 
sitive, and accurate gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
gene de-livery. A plasmid encoding human factor 
Vlll gene sequence, pl"8TM (sec. Methods). wax 
used as a model therapeutic Rwne. The assay use* 
fluorescent Taqman methodology and an instru- 
ment capable -of measuring fluorescence in real 
time (AM Prism 7700 Sequence r>ctcclnr). Ihe 
Taqman reaction requires » hybridization probe 
lal>cled with two different fluorescent dyes. One 
dyt: Is a reporter dy« (l'AM), the other 1.x a" quench- 
ing dye (TAMRA). When the proln: is inlacl, fluo- 
icstcnl energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA) . During Die extension 
phase of the PCK cycle, the fluorescent liybrid- 
l^illon probe Is cleaved by the 5'--V nuelcolytic 
activity «f thr. DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
trajtsfcrrcd efficiently to the quenching dye, re 
sultinK In an Increase of the reporter dyu fluores- 
cent cini-isUm spectra. PCR primers iirnl probuH 
were designed ftn I lie liuinan ftielor V11J se- 
quence and human p-aotln gene (as described ii^ 
Methods). Ojjtiuiizatlon reactions were p«.-r- 
formed to choose the appropriate probe und 
-mngncslum concenualions yielding the- hig^es* 
Inlensily of re|X3rtcr fluorescent signal wjlhout 
saerlflcitig specificity. The Inst rumen I uses a 
charge-coupled device (i.e.. CCD camera) for 
measuring the fluorescent emission speetm front 
SOO t.> CSO nm. liach PC'.H lube was monitored 
setpieiitially for 2.1 miw with continuous moni- 
toring throughout tin: oniplificiitioii. liftC'h lube 
was rr.-cxanilncd every 8.5 see. Computer soft- 
ware, was designed to exainSne the fluorescent In- 
tensity of both the reporter dye (I'AM) and 
the quenching dye (TAMRA). The I tumescent 
intensity of the quenchlnR dye, TAMUA, changes 
very Utile over the course of the PCR ampllfi* 
cation (data not shown), rhe.refore, the Intensity 
of TAMRA dye emission sws as an internal 
standard with which to normalluc the reporter 
vlye. (I 1 AM) emission variations. Tlte software eal- 
culoles .i value termed ARn (or ARO) using the 
following equation: ARn - (Rn J ) (Rn'). where 
Rn J . emission iijlenshy of icporter/emissiou in- 
tensity of quencher at any given time In a reae 
tton tube, ami Ru v emission intcnsilily of re- 
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porUT/wnlssltHJ (iiu-mily »1 qucm:l«r measured 
prior 10 I'CK iimpliiicalioii in that same rwictioii- 
tube. ] ; or the purpose of quantitation, the W 
three (lata points (ARils) collcmed during the. e*. 
tension step for each KtK cycle were analysed. 
The nucleolylic degradation of the uyoiuh/^non 
probe occ urs during the extension phase or rut, 
and, tht:n>fore, reporter fluorescent cimsuun in- 
creases during this Hine. 'mi: Hue* data point* 
were averaged for each KJk cycle and the me«.i 
value for each was plotted in an "amplification 
plot" shown In Jljjurc JA. The AKn mean value- is 
plotted on the >*axls, an<l time, represented by 
cycle number, is plotted on thvA-axix. Durln R tlie 
early cvcU-.s of the PC.R amplification, the AKn 



value remains at bastr line When sufficient hy- 
bridiy-allon probe h.'iS been cleaved by the T"'7 
lX)lymcrnsH.- nudftAfic activity, the intensity of re- 
porter fluorcsccm emission iueruaticb. Most 1>CU 
ai»plin«.*lions reach » plateau P nnN< ' of ro P»ri«T 
fluuK'HVi'il emission If the reHcliun Is carried mil 
to high cycle uujiiK-im The- amplification plot i'J 
examined luily in lh« reaction, ut a point that 
•cjjicscnts ilu- log phase of product srnimula. 
lion. This is done by assigning an arbiUiuy 
threshold thai is bnscd on the varhibilily of the 
baseline duia. In J-igWTf. 1 A, the threshold whs set 
ai It) stnndiird duviuOoiiK above the mean of 
base line emission calculated from cydo 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Figure 1 PCR product detection in real tlme.W The Model 7700 -h~are *m «^*^Sdd5 
i l " the extension phase fluorescent emission data collected ^^^^^P^ £ vies are 
viation is determined horn the data po.n* collected from the bas « stan* ^^S'^ % sua ,, y 10 times the 
calculated by determining the point at wh.ch ^^^^^^^J^^.XtsA human genomic 
standard deviation of the base line). (6) Overlay at ampllf kahon ' P' 0 ***"^^^ versus C. T . All 

DNA samples amplified with p-actin pnmers. (Q Input DNA concentration of we_sampie P ™^ ^ 
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the amplification plot crosses the threshold s elf 
fined as C,. C r is reported u* Ihc cycle number ;« 
this point. As vwill be demonstruttul, lh« CI, .value 
I* j>ievli«.iivfc of the quantity of input target. 

Cy Values Provide a Quantitative Measurement- of 
Input Target Sequences 

Figure IB shows amplification plots of li>'dm'«5>- 
enl PGR amplifications overlaid. The nmplifitu- 
tiens were performed on a 1 :2 serial dilution 
human genomic JWA. The amplified targcf w:»*. 
human p octln. The amplification plots xhifl to 
the right (to higher threshold cycles) ns the input 
target quantity is reduced. This is expected ho- 
causa nmettom; with fewer starting copies of the 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the Op values. Figure 1C represents the 
C T values plotted versus the sample dilution 
value. Each dilution was amplified in triplicate 
Pf'.R amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C r values decrease- linearly wjth Increas- 
ing target quantity, Thus, C/,- values can be used 
as it quantitative measurement of tlie input target 
number. It should be nolcd that the amplifica- 
tion plot for ihc 15.6-ng sample shown In Figure 
1H does not reflect the same fluorescent rate of 
Increase exhibited by must of the other samples. 
The 15.6-ng sample also achieves e.ndpoinl pla- 
teau at a lower fhiorescem value than would be 
expected based on the input UNA. This phenom- 
enon has been observed, occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
thai thy flattened slope and early plateau do not 
impact significantly the calculated value as 
demonstrated by the fll on Die line sliown in 
Figure 1 C. All triplicate amplifications resulted in 
very similar d- values — Ihc standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > 3 00,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range ol Huorcsccnl in- 
tensity measurement of ihe AUI 1'rlsm 770(1 Se- 
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merits over n very large r;ni}>i- <»f relative Marling' 
target quantities. 

Sample Preparation Validation 

Several parameters influence the eflkU-nry nf 
PC".R amplification: magnesium and salt conceit 
nations, reaction conditions (i.e., time mid tem- 
perature), I'Clt target size and composition, 
primer sequences, and sample puriTy. All of The 
above factors are common to a single J'CR assay, 
except sample to sample purity. In an effort to 
validate the. method of sample preparation for 
the iactor Vlll assay, PCR amplification reproduo 
ihility and oJflcieney ol )() replicate sample 
preparations were, examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quaniltaicd by ultraviolet spectroscopy. 
Amplifications were performed analyzing (J-acim 
gene content in 100 and 25 ng of total genomic 
DNA. Each TOR amplification was perfomied in 
triplicate. Comparison of C r values for each trip- 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(t abic 1). Therefore, each ol the triplicate PCH 
amplifications was highly reproducible, demon- 
strating that real time PCK using this instrumen- 
tation introduces minimal variation Into the 
quantitative. J'CK analysis. Comparison of the 
mean O, values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for H-actln gene quantity. The highest Cy 
difference between any of the samples was 0.S5 
and 0.7] lor the 1(K) and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sample, exhibited an equivalent rate of fluores- 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample, diluiions (Pig. 2). 
Any sample containing an excess of a 1'CX inhibi- 
tor would exhibit a greater measured (3-actln O r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (l-ix, Z), altering 
the expected C r value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible. Willi regard to 
sample purity. 

Quantitative Analvsis of a Plasm id After 
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(or containing a partial cL5NA for human factor 
vui, pi : 8TM. A series of transfcciions was sot 
up ustn% a decreasing amoum of ihc plasinid v (40, 
■4, 0.5, and o.l ng). Twr.niy-rour hours post- 
trnnafec-tion, total frNA was purified from each 
flask uf exrlb. p-Aclin fccueijuttiHUy was fliox-ii as 
a value for nnrmali^aliiaii or KCMomii'. I'JNA con- 
centration from cadi sample. In this expeiimenl, 
|l-actin gene content should remain constant 
relative to roral genumie UNA. Figure :t shows the 
result of the p-actln UNA measurement (100 jig 
total DNA determined hy ultraviolet spectros- 
copy) Ot each sample. Kach sample was analyzed 
in triplicate and the mean |s-actin values of 
'the triplicates were plotted (error bars represent 

r»-i>i,l«i>rt riwwiaiinni "I h»» h1n»w»ST iiifforrnrp 



betwtwii any two samplct moan* was 0.«>S C,, Jen 
nanograms of total DNA of each sample were also 
examined for 0-actln. The results «fiujij showed 
that very similar amounts of genomic UNA were 
present; tin: maximum mean p sctm C:, value 
difference wa.s 1 .0. As Wgurc 3 shows, the rale of 
P-actln C,. change l*--twecn the 100 and 10-ng 
samples was similar (slope values r;mg« butwoon 
3.56 and - 3.45). This verifies again thai the 
method of sample preparation yields samples of 
identical PCR integrity (i.e., »« sample contained 
an excessive amount of a PCR Inhibitor). How. 
ever, these results indicate thut eneli sample con 
talned sligl" dirfcience.s in the actw&l amount of 
genomic ONA analyzed. Determination of actual 
vtmumic DNA concern ration was accomplished 
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Figure 2 Sample preparation purity. 1 he replicant 
samples ihown In Table 1 woro aLw amplified In 
tripioate using 2S ng ol each DNA tamplc. The fig- 
me shows die input DNA concentration (100 and 
25 ng) vs. C, In ihc 1ign"\ ih* 100 and ?H ng 
polnls lor each iarnple are connected by a line. 



by plotting the mean (J-actin value obtained 
for each lOO llK sanipJv M clin standard 

i.-urve (shown hi J'Sg- 4< ^- T 1 ^' actual K ct>omlc 
DNA coiicentratlu" 0/ each simipU-., vvas ob 
lalncxi by extrapolation to the 

Pij;v»ru 4A shows the measured' (t.u., nun- 
liormallr.eil) quantities of factor VI) J plnsmid 
ONA (plfJTM) from each of the four transient cell 
innitifcctinnii. Each reaction contained 100 ng of 
total sample UNA (as determined by UV spwtros- 
copy)- v * c h sample was analyzed in triplicate 
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Figure 3 Analysis of tidiisfectcd cell DNA quantity 
and purity. I lie ONA preparations of Hit: lour 293 
cell transactions (40, 4, 0.5, and 0.1 ng of pF8TM) 
were analysed for the (5-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transfectcri, the (5-actln 
C T values are plotted versus' the total Input DNA 



•pr.fc amplifications. As shown, pl ! 8TM purified 
,hmt Jbc 293 cells decreases (moan C, values in- 
cwssitcj with decreasing amounts of plasmid 
armisU'Ucd. The mean Cj values obtained for 
pFttTM inTlgurc 4A were plotted on a standard 
curve cc-mprlsod uf serially diluted pKHTM, 
shown .in figure 4B. Thu uuanllly uJ pl-WI'M, b, 
found in each of the four lronsfcctlonR was de- 
termined by extrapolation to the * axis of the 
standard curve In l>iguro 4H. .Thtwc uncorrected 
values, b, for pMTl'M were normalb-Aid »o deter- 
mine Uae actual amount ofpl'8TM found per 100 
riH of genomic IWA by using the equation:. 

/> x 10O lift uciual plWM copies per 
~ t r 100 ng of genomic DNA 

where u ■- actual genomic DNA in a sample and 
fi w pl : B'l"M copies from the standard curve. The 
normalised quantity of pl'8'i'M per 100 ng of ge- 
nomic DNA for each Of the four 1 ransfccilons is 
shown In Hgure 4JJ. 'nicie results .show thai ihc 
quantity of factor Vlll piasiuid associated wnli 
tne Z93 cells, 21 hr after irujisfci.tiuii. dui.iiuisc;. 
wltli UccreasliJK plasniu) uini.ttiuiaijou used In 
the transection. 'I'Ik: quantity of pl'BTM associ- 
ated with 293 cells, aftcT trunsfecilon with 40 u.g 
of uiasmid, was 35 pgper 100 ns smwmlc DNA. 
Tills rcsulrs in -520 plasmid copies per cell. 



DISCUSSION 

Wo have described a new method for quantitnt- 
in8 gene copy numbers using rcfll-llmc analysts 
of PCJR amplifications. Real-time K'M in compat- 
ible with cither of the two PCK (KT-PCR) ap- 
proaches: (1) quantitative conijicthive where an 
internal competitor for each tarfiot sequence is 
used for norrna!iy.adon (data not shown) or (2) 
quantitative comparative PCK using a iiouiializa- 
tiou uutiv contained within the sample (i.e., |3-ac- 
tin) ox a "housttkeeping" gent; for R'1-PCK. Ff 
equal amounts of ouclcic ucid are analy/cd for 
each, sample and if the amplification dfhir.m.y 
before quantitative analysis is identical for each 
sample, the. Vmeniul cunt ml (iK«mali«iliou gene 
or competittar) should «lvc equal sikhuIs for nl) 
samples. 

The real-lime PCK method offers several ad- 
vantages over the other two .methods currently 
employed (see the Introduction), l-irsl, the real- 
time PCK method is perfonncd in a doscd-tube 
system and requires no post-PCR. manipulation 

T /> o on 1 o%.o ttv.t rtn*r*T 1 1\ n t / n n / ■? T 
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Figure 4 Quantitative- anotyiin of pF8TM in tranifccled cclli. (,4) Amount of 
plasmid DMA used for the trunsfection plotted against II il mhsuh C, value deter- 
mined for pfSTM remaining *>>t hr alter transection. (B>C) Standard curvnj of 
pPRTM and (1-acdn, respectively. pl"8TM DNA (0) and genomic UNA (Q were 
diluted serially 1 ;£ before .amplification with the appropriate primers. The p-actin 
standard curve wav usod to normalise Ihc results of A to 1 00 mjj of genomic DNA. 
(0) The- amount of pF8TM present pur 100 ng of genomic DNA. 



of sample. Therefore, lln- potential for TCR con- 
tamination in the laboratory is reduced because 
amplified products can in: analyzed and disponed 
of without opening tin 1 ruaetion tubes. Second, 
this method suppoils the u.w of a iiijrmiiliv.iitloil 
Kcnc (i.e., P-octin) for quantitative! PGR or house- 
keeping genes for ijoyntilntWe RT-1'C'K controls. 
Anulysis Is performed i» real time during the Jog 
phase of product accumulation. Analysis during 
k>K phase permits many different genes (over a 
wide input target ranj-c) to be analysed simulta- 
neously, without concern of reaching reaction 
plateau at different cycles. This* will make iimlll- 
flcm-. analysis assays much r.a.Me.i U/ develop, be- 
cause individual internet] uiinpellluis will nut be 
needed for each gene under analysis. Third, 
sample throughput will inuease diuiualiccdly 
with the new method because, there is no post- 
l*(.:R piocc-ising lime. Additionally, winking In a 
'i6-we.ll formal is highly compatible with auU>> 
mation technology. 

The real-time PCR ■iietllOd is liij-hly repro- 
ducible. Replicate, amplifications can be anulyzed 



for each sample minimising potential error. "1*1 to. 
systititi allows for a very large assay dynamic 
rui-ftc (approae.hing 1,000,000-fold starting tai- 
gel). Utility u Maitdard curve for the target oi in- 
terest, relative copy number values can be deter- 
mined for any uukjuuwji sample. Huorttsctnt 
threshold values, C r , coueJatr. linearly with rela- 
tive DNA copy numbers. Heal time quanlltftllve 
UT-I'CR methodology (Gibson et al., this l.wuh) 
ha." also been developed. -finally, real time qu<in- 
titativc PCU methodology can be used iwdcvc-Jup 
high-throughput scrcenUig assays for a variety ol 
applications [quainJintlvc gcn<: capjeaaioii (RT- 
PCR), gene copy assays (Mcr2, II1V, Clc), gcno- 
typing (knockout mouse- analysis), and Immuoo- 
PCUJ. • 

Real-time VC.W may also be performed using 
intercalating dyes (Hlgtio.hi ol al. such as 

oihidium bromide. The fluorogenic probe, 
method offers a ma|or advantage over inter- 
calating dyes— greater specificity (i.e., primer 
dimvrs and nonspecific PCR products are not de.- 
terted). 
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METHODS 

Generation of a Mastoid Containing a Pertlo! 
cDNA for Human Factor VIII 

•fowl RNA was harvested (UNAxnl » 0™n» 'I'*' 'I'** 1 ' 
J-rjeiiHSYvood, TX) from evils. I .-.itafccK.il with a factor Vlll 
cxiinnsluu viKlor, pCIS2.Uv9.5l 1 (Koton el nl. l"Bu: Gcir. 
man el al. 1990). -A factor Vlll partial el IN A wvpiemv WI1S 



RIAL 1IML QUANIItAIIVI- K.K 

reactions wore performed in tho Model 77«HJirqucncc IV- 
Itt-lor (I'li Applted Ulusysjlwui*.), mhlrh coiuauiv n Gcnr- 
Al»l|> l'<':U Syslum P<rO0. Heart Ion condition"! were pro. 
RrutiniieJ uit .i I'nww Macinti»h V100 (Apple Computer, 
Santa Clara, CIA) linked chrvtnly io the Model VVOn St>- 
qucnev IXilffCtor. A»»ty«l» of data w»« alia.) performed on 
the Mmlntosh compute*, f '.nllncllnii and analysis software 
wi«» developed Jtt l*K Applied nlosysUuns. 



......micd by in- I'f:" |<:-ooAmp W. tTlh ItNA PHI Kll . 

pan N8OK-0Y/9, l't Appiun) iiiosysicms, i : «>mvi <:ity, i^>l Transection of Cells with Factor Vlll Conitruil 



K 

(pan 

UilnR I he l'c:n primers Wfor mid l-Hrev (primer secrueiices 
are shown below), llif ampllcon was reamplifird oslnR 
modified I'flfof and Wrcv primers (spixmiled wlih /tuwlll 
and H/irdlll restriction site sequences m the V «'<!> uitri 
clonal Into [Xil'.M- 3Z (lVomtiiu cuwp.. Madison, wi). nit 
rcsiiUlnRclnnr, pVSTM, was used lor transient transfeolon 
oi' StW cells. 



Amplification or Target DNA ami Duiecilon of 
Amplkon Factor VIII Plasmld DNA 

(ph'STM) was riiniillflml with the p.imeii 1-ttfor W<'XX\- 

fiT£i(;(j\AUAu:njAt:viH"iTC3' and mn-v .v-aaa<:c;t- 

t^OCXrrOGA'JXttjfAC-.Ci-S'.llie rvnclhui piodmrd « 
up K:k product. The fnrwurd primer w«» designed lu lev 
ojpitxu u unique ai-ipiemv fimnd In llic 5' uniransKlted 
region of tliu pateiil pClSZ.!kZ5l> plo.Mtiiil mill ihiacfore 
ikies nut iwiikiiUu amplify ihw human factor Vlll 
gene. I'rimnr* woro chosen with Ote aYsistaiire of llic onm. 
pulcr program Oliso U' (National liiuscienccs, Inc., I'ly. 
mouth, MN). The human p-actln gr>m* was amplified with 
the primers |i-iiftin furwnrd primer .^' 'l'CACtKVitlACrrC'l' 
GCCCATCTrAfX'lA-S' ami fJ-acliu icverse piimcr :AC 

CGGAACCC:frr<:Ai"i(;c:{^A'iGG-3'. The reaction pro- 
ouceo a Zys hp K it prwluit. 

Amplification rcaciions (SO (J) amiaiiii'il a UNA 
sample, HIX I'C.lt lluffe.r II (S 200 n-M ilAlT, dC.Tl', 
rfGTP, and 4 IX) i».m riU IT, •< mM MgCI,, 1.Z.S Ui>H.t Anipll 
7iii; DNA poiymciosc, 0.5 unit AinnKrasv uracil N-Riy- 
unyluM' (UNO), 50 pinolv of eftch faciei Vlll |vlii».i, und IS 
ptiiolc of uut'.li I* actio pi I ill cr. 'I1»o K-avtliioi. iiImi t:i>nlalncd 
one of the following di'k'Ctlon |irohi>s (HIO nu rnrh); 
i'«iin.l.e A'(VAW)Ac:cri'<ri'(:cucf:'i'i:friTc:'rrr<:Tc: , r- 
GCdT(TAMRA)p 3' «ud Q-nctin proUe S' tTAM)ATCJO<X:- 
XCJ'AMKAJCCCCCATCGCATGp-.T where p indicates 
phosphorylation nnd X Indlcotcs a linker arm nucleotide. 
Reaction IuIh\i wen- Mi<:n>Ait\p Optiml TuIks (part AUDI- 
l.ierNkm 09.1S, Tcrlcln lUnwr) that wore frosted {A IVrkln 
F.lmcr) to prevent l; B hl fro.n reflex-ling, Tube eop> were 
similar to MieroAiVip i;np.i hut specially desifincd to pre- 
vent light sea tiering. All ol ll.c l't lit riuiiauiniiltU-* were tvip- 
,<li«d Ivy PU Applied llip«y»<*nu (l'o»ler CMy, CX) except 
ihp factor Vlll primer j, wlik'li wen- xynlhrslxril «t Cviivm 
lech, Inc. (South Son Francisco, CA). I'rohe.v desljiiiwl 
using the Oliyc software, following guidelines mj-- 

jjcsieci in tnc Motli'J 7700 .sequence J>ci«-it>r lii.nniiiieiil 
manual. Briefly, prube T„ sliimUl lie al least 5 U C lllfilter 
Ulan the aiuii-ulliix tenipt-iahirc used durliij; Ihi-rmul ey- 
flttig; primers shntild not f""" si*l>lv duplexes' willi Ihe 
prnor. 

The theriual I'yrllng Condition/. Ineluded 2 mill at 
SITC' and 10 min at 9S"C. Thermal eyeling prncrrded with 



J-our T17S flasks or 293 tells (ATClt* C:K1. 157H). a human 
fetol kidney suspension cell line, wvre gniwn to 80% con- 
lUicney and tranjfe«ed jil-iri^i. Cells were grown in tlu- 
fnllnwHtg incdlA! 50% HAM'S VV1 withoul GU I', .10% lo«i 
glucose nt«JlK'tt<n's mndlflrri Ka«)<? metlnnn (l)MKM) with- 
enn Rlyrine wiUi sodium bicarbonate, 10% letal Ixtvine 
scrum, 2 mst L-jtlulaniinr, and 1% penidllin-strcptomy- 
On. The media ww dmnged 30 niln Mi«' Hie Iransfec 
lion. pl ! UTM DNA amounts of 40, 4, OS, nnd 0.I were 
iidilctl io -\.h ml of n 5i>l«tlt»t eonialnlnR ll.ia » <^J?.- 
and 1 X 111'4'liS. The four mixhm-s w«ro left al woin tetn- 
pcnuun- for H) mln and then, addvil dmpwlsi- to tl>e tells. 
The n»»k» wvi«-.iiii-ol«tcd at 37°C'.'»nd !M- f«r 24 hr, 
washed with PUS, anil «uuspe.ndcd In PIIS. The rt'stis 
pvmksl cells were divided into alitpioh. and UNA was ev- 
tr»it:ted ItninedluUly usiiiR UieQIAump Kil (Q'apen.- 

CUiotsmirtl), CA), DNA »vns f.luted Into 200 ^l ol 30 mwi 
Trls-IIGI ut pll 8.0, 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line CS7MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 

tetracylihe repressible promoter, and (//) Wnt-1 transgenic 

mice. The WISP-1 gene was localized to human chromosome 

8q24.1-8q2<U. WISP-1 genomic DNA was amplified in colon 

cancer cell lines and in human colon tumors and its RNA 

overexpressed (2- to > 30-fold) in 84% of the tumors examined 

compared with patient-matched normal mucosa. WISPS 

mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 

In contrast, WISP-2 mapped to human chromosome 20ql2- 

20ql3 and its DNA was amplified, but RNA expression was 

reduced (2- to >30-fold) in 79% of the tumors. These results 

suggest that the WISP genes may be downstream of Wnt-1 

signaling and that aberrant levels of WISP expression in colon 

cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-nch, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-30) resulting in an increase in 
0-catenin levels. Stabilized j3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" in 
accordance with 18 U.S.C. §1734 solely to indicate this fact. 
© 1998 by The National Academy of Sciences 0027-8424 /98/9514717-6S2.00/0 
PNAS is available online at www.pnas.org. 



the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-caienin levels (9). APC is phosphorylated by GSK-30, binds 
to p-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1): 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-0 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies z-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WlSP-3.TUe WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized froni 2 u.g of poly(A) T RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by, 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WlSP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 u,M of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense nbo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh). for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of MSPs and c-myc m 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<a«> where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
3-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The MSP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



Proc. Nail. Acad. Sci. USA 95 (1998) 

mouse mammary epithelial cell line C57MG and C57MG cells 
thai stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1/4 and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wni-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of -40,000 (M, 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ~27,000 (Af r 27 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 

CS7MG 



Wnl-l 



WISP-1 



p-actin 



WISP-2 • 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-i, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (fl) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 ng) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP-l-spec\{ic probe 
(amino acids 278-300) or a 190-bp W5/ > -2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
fflC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3/1). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (1GF)- 
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Fic 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (fl) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 2 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
' present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3/4 and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISPS had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 
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Fig. 4. (A , C, E, and C) Representative hematoxylin/ eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISPS was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISPS in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISPS was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with EcoRI (WISP-1) or Xba\ (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1 , WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 
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mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such asTGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v /33 serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
. tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISPS RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPM1 growth medium. T-ceU-proliferation assays were 
done essentially as described 1 " 1 . Briefly, after antigen pulsing (30u.gmr' 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1M and the cells were washed five times in RPM1 
1640 medium containing 1% FCS before co-culture with T-ceU clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 M-Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u-g TTCF with 0.25 M-g 
pig kidney legumain in 500 u.1 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDiMEEDI, HlDN(N-glucosamine) 
EEDI and H1DNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy-methylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml" 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgrnl" ot- 
cyanocinnamic acid in 50% acetonitrile/0. 1 % TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
• molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

.We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6 ' 7 , Apo3L/TWEAK"'*, or OPGL/TRANCE/ 
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RANKL 10 "' 2 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 u.gmr'. Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process'. Consistent with previous results' 3 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes' 14 ""'. Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from ~65% to 
~30%, with half-maximal inhibition at ~1 jigml"'; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL' 7 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a. Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are nol shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1-4), and the W-linked glycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)' RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 
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Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrin- 
labelled cells, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFRl, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated withTNFRI-Fc. DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR)'" in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3-based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb); also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosoihe 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG J ". . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface". DcR3 competes with Fas for 



Figure 3 Inhibition of FasL activity by DcR3. a. Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL:. 5ng ml"') oligomerized 
with anti-Flag antibody (0.1 |igmr') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGI and assayed for apoptosis (mean * s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flagpius anti-Flag antibody 
as in a. in presence of l jigmr' DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human lgG1 (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleukin-2. 
followed by control (white bars) or anti-CD3 antibody (rilled bars), together with 
phosphate-buffered saline (PBS), human IgGI, Fas-Fc, or DcR3-Fc (10 >ig ml"'). 
After 16 h, apoptosis of CD4* cells was determined (mean » s.e.m. of results from 
five donors), d, Peripheral blood natural killer cells were incubated with ^re- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles), Fas-Fc (open 
circles) or human IgGI (triangles), and target-cell death was determined by 
release of 6l Cr (mean n s.d. for two donors, each in triplicate). 
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Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d, f, g, h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n, o, p, q). one non-small-cell carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c. In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-held image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd), the 
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 2 '. In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L !: . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. |p 

Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-tusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1. was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 jxg), together with pRK5 encoding CrmA 
Ung) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin-conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with ["Slcysteine and | 35 S] methionine (0.5 mCi; 
Amersham). After 16h of culture in the presence of z-VAD-fmk (10|aM), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5 u.g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified. Flag-tagged soluble FasL (1 |xg) (Alexis) was incubated 
with each Fc-fusion protein (1 jig), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u.g) was 
incubated with buffer or with DcR3-Fc (40 u.g) for 1 .5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u.1 aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3*. lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech); 
stimulated with phytohaemagglutinin (PHA; 2 (igml" 1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml"' ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4* cells". 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16h with 51 Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 51 Cr in effector-target co- 
cultures relative to release of 5l Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to -500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 ' -( FAM - ACACG ATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5'-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 I4CTI , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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Crystal structure of the 
ATP-binding subunit 
of an ABC transporter 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia colt genome 
sequence revealed that the largest family of paralogous E. colt 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nudeo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease ofS. typhimurium and E. co/i' u ~ 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins', is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM*. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an 'L' with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded P- 
sheet (P3 and £8-6 12) spans both arms of the L, with a domain of a 
ct- plus P-type structure (pi, P2, P4-P7, ctl and ot2) on one side 
(within arm I) and a domain of mosdy a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b. View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I. as shown in a. towards arm II. showing the ATP-binding 
pocket, a-c. The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT s . N. amino terminus; C, C 
terminus. 
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REAL-TIME DETECTION: APPLICATION TO THE DETECTION OF GENE 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
ert>B2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. 1. 
Cancer 78:661-666, 1998. 
© 1998 Wiley-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as exrrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi el ai. 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include. myc (8q24), 
ccnd\ ( 1 1 q 1 3), and erb&2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc. ccndl. and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems el al, 1992; 
Schuuring et al., 1992; Slamon el ai. 1987). Muss et al, (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al. (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage rumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson el al., 1 996; Heid et 
al., 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al. (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5 '-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et a!., 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the Q (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation, this is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements,. in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erbBT), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast rumors. The results for 108 breast tumors 
were compared with previous Southem-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 1 8 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et a!., 1994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 

copy number of target gene (app. myc, ccndl, erbBX) 

N = ■ ■ 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvem, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al.. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10- fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
10"'° (10 3 copies). This series of diluted PCR products was 
aliquoted and stored at - 80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCI 2 , 1 .25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 1 0 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 1 0% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-lime detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc. ccndl and erbB2 proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do. not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as I0 2 copies or as 
many as 10 3 copies. 

Copy-number ratio of the 2 reference genes (app and &\\>) 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 ! (A9), 10 4 (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom; 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et ai, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1 .6, mean 1 .06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erbfi2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods"! The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for mvc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean0.9 1 ± 0. 1 9) for erbB2. Since N values 
for myc, ccndl and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbB2 gene dose in breasl-lumor DNA 

myc, ccndl and erb&2 gene copy numbers in the 108 primary 
breast tumors are reported in Table 1. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbB2 (15%, 
16/108) and mvc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbB2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (T118). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbB2 copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbB2 amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N a 5). However, there were cases (1 myc, 6 ccndl and 4 erbB2) 
in which real-time PCR showed gene amplification whereas 
Southem-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE 1 - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND er*B2 GENES W 108 HUMAN BREAST TUMORS 



Gene 




Amplification level fN) 




<0.5 


0.5-1.9 


2-4.9 


as 


myc 

ccndl 

erbB2 


0 
0 

5 (4.6%) 


97 (89.8%) 
83 (76.9%) 
87 (80.6%) 


11 (10.2%) 
17(15.7%) 
8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA. which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. Thb method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi el at, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo ei ai, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 1 00 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
C, ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai, 
1996; Slamon et ai, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used arid the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (;') Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et ai, 1994). (if) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Berns et al, 1992; Borg el ai, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA. series were lower than those of ccndl and erbB2 amplifica- 
tion, confirming the findings of Borg et al. ( 1 992) and Courjal et al. 
(1997). (iv) The maxima of ccndl and eW;B2 over-representation 
were 1 8-fold and 1 5-fold, also in keeping with earlier results (about 
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Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: T118 (El2, C6, black squares), Tl 33 (G 1 1 , B4, red squares) 
and T145 (A8, C8. blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Berns et al., 1 992; Borg et al.. 1 992; Courjal et 
al. 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degreeofamplification(Ane/a/., 1995; Deng eiai. 1996;Valeron 



ei al.. 1996). Our results also- correlate well with those recently 
published by Gelmini et al. (1997), who used the TaqMan system to 
measure er£>B2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alt 




Nccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


Til 8 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Hccndl/alb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(25-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbBl) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ah, 1992; 
Slamon ec a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, ■ we found a 
decreased copy number of erbBl (but not of the other 2 proto- 
oncogenes) in several tumors; erbB2 is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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Genome-wide Study of Gene Copy Numbers, 
Transcripts, and Protein Levels in Pairs of 
Non-invasive and Invasive Human Transitional 
Cell Carcinomas* 
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Gain and loss of chromosomal material is characteristic 
of bladder cancer, as well as malignant transformation in 
general. The consequences of these changes at both the 
transcription and translation levels is at present unknown 
partly because of technical limitations. Here we have at- 
tempted to address this question in pairs of non-invasive 
and invasive human bladder tumors using a combination 
of technology that included comparative genomic hybrid- 
ization, high density oligonucleotide array-based monitor- 
ing of transcript levels (5600 genes), and high resolution 



phenomenon at both the transcription and translation levels. 
High throughput array studies of the breast cancer cell line 
BT474 has suggested that there is a correlation between 
DNA copy numbers and gene expression in highly amplified 
areas (2), and studies of individual genes in solid tumors 
have revealed a good correlation between gene dose and 
mRNA or protein levels in the case of c-erb-B2, cyc//n d1, 
emsl, and N-myc (3-5). However, a high cyclin D1 protein 
expression has been observed without simultaneous am- 



ing of transcript levels (5600 genes), and ™"™»°" ^liflcation (4), and a low level of c-myc copy number in 
two-dimensional geietectropho^ ^ ^ without concomitant c . myc prote in 

that there is a gene dosage effect that in some cases ~» 



superimposes on other regulatory mechanisms. This ef- 
fect depended (p < 0.015) on the magnitude of the com- 
parative genomic hybridization change. In general (18 of 
23 cases), chromosomal areas with more than 2-fold gain 
of DNA showed a corresponding increase in mRNA tran- 
scripts. Areas with loss of DNA, on the other hand, 
showed either reduced or unaltered transcript levels^, Be- 
cause most proteins resolved by two-dimensional gels 
are unknown it was only possible to compare mRNA and 
protein alterations in relatively few cases of well focused 
abundant proteins. $Vith few exceptions we found a good 
correlation (p < 0.005) between transcript alterations and 
protein levels. The implications, as well as limitations, 
of the approach are discussed. Molecular & Cellular 
Proteomics 1:37-45, 2002. 



Aneuploidy is a common feature of most human cancers 
(1), but little is known about the genome-wide effect of this 
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overexpression (6). 

In human bladder tumors, karyotyping, fluorescent In situ 
hybridization, and comparative genomic hybridization (CGH) 1 
have revealed chromosomal aberrations that seem to be 
characteristic of certain stages of disease progression. In the 
case of non-invasive pTa transitional cell carcinomas (TCCs), 
this includes loss of chromosome 9 or parts of It, as well as 
loss of Y in males. In minimally invasive pT1 TCCs. the fol- 
lowing alterations have been reported: 2q-. 11p-. 1q+. 
1iq13+, 17q+, and 20q+ (7-12). It has been suggested that 
these regions harbor tumor suppressor genes arid onco- 
genes; however, the large chromosomal areas involved often 
contain many genes, making meaningful predictions of the 
functional consequences of losses and gains very difficult. 

In this Investigation we have combined genome-wide tech- 
nology for detecting genomic gains and losses (CGH) with 
gene expression profiling techniques (microarrays and pro- 
teomics) to determine the effect of gene copy number on 
transcript and protein levels in pairs of non-invasive and in- 
vasive human bladder TCCs. 

EXPERIMENTAL PROCEDURES 
Material- Bladder tumor biopsies were sampled after informed 
consent was obtained and after removal of tissue for routine pathol- 
ogy examination. By light microscopy tumors 335 and 532 were 
staged by an experienced pathologist as pTa (superficial papillary), 



1 The abbreviations used are: CGH, comparative genomic hybrid- 
ization; TCC, transitional cell carcinoma; LOH. loss of heterozygosity; 
PA-FABP, psoriasis-associated fatty acid-binding protein: 2D, 
two-dimensional. 
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grade I and II, respectively, tumors 733 and 827 were staged as pT1 
(invasive into submucosa), 733 was staged as solid, and 827 was 
staged as papillary, both grade III. 

mRNA Preparation— Tissue biopsies, obtained fresh from surgery, 
were embedded immediately In a sodium-guanidinlum tWocyanate 
solution and stored at -80 "C. Total RNA was isolated using the 
RNAzol B RNA isolation method (WAK-Chemie Medical GMBH). 
por/fA)* RNA was isolated by an ongotdT) selection step (Oligotex 
mRNA kit Qiagen). 

cRNA Preparation-) fig of mRNA was used as starting material. 
The first and second strand cDNA synthesis was performed using the 
Superscript® choice system (Invltrogen) according to the manufac- 
turer's instructions but using an oligo(dT) primer containing a T7 RNA 
polymerase binding site. Labeled cRNA was prepared using the ME- 
GAscrip® in vitro transcription kit (Ambion). Biotin-labeled CTP and 



UTP (Enzo) was used, together with unlabeled NTPs in the reaction. 
Following the in vitro transcription reaction, the unincorporated nu- 
cleotides were removed using RNeasy columns (CHagen). 

Array Hybridization and Scanning— Array hybridization and scan- 
ning was modified from a previous method (13). 10 ng of cRNA was 
fragmented at 94 °C for 35 min in buffer containing 40 mM Tris 
acetate pH 8.1 , 100 mM KOAc, 30 itim MgOAc. Prior to hybridization, 
the fragmented cRNA in a 6x SSPE-T hybridization buffer (1 m NaCI. 
10 mM Tris. pH 7.6, 0.005% Triton), was heated to 95 "C for 5 min, 
subsequently cooled to 40 °C, and loaded onto the Affymetrix probe 
array cartridge. The probe array was then incubated for 16 hat 40 °C 
at constant rotation (60 rpm). The probe array was exposed to 10 
washes in 6x SSPE-T at 25 °C followed by 4 washes In 0.5X SSPE-T 
at 50 "C. The biotinylated cRNA was stained with a streptavidin- 
phycoerythrin conjugate. 10 j^g/ml (Molecular Probes) m 6x SSPE-T 
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Fig. 1 — continued 



for 30 min at 25 °C followed by 1 0 washes in 6x SSPE-T at 25 °C. The 
probe arrays were scanned at 560 rtm using a confocal laser scanning 
microscope (made for Affy matrix by Hewlett-Packard). The readings 
from the quantitative scanning were analyzed by Affymetrix gene 
expression analysis software. 

Microsateilile Analysis — Microsateltite Analysis was performed as 
described previously (14). Microsatellites were selected by use of 
www.ncbl.nlm.nih.gov/genemap98, and primer sequences were ob- 
tained from the genome data base at www.gdb.org. DNA was extracted 
from tumor and blood and ampBfied by PCR in a volume of 20 /J for 35 
cycles. The amplicons were denatured and electrophoresed for 3 h in an 
ABI Prism 377. Data were collected in the Gene Scan program fa 
fragment analysis. Loss of heterozygosity was defined as less than 33% 
of one allele detected in tumor amplicons compared with blood. 

Proteomic Ana/vs/s— TCCs were minced into small pieces and 
homogenized in a small glass homogenizer in 05 ml of lysis solution. 
Samples were stored at -20 "C until use. The procedure for 2D gel 
electrophoresis has been described in detail elsewhere (15. 16). Gels 
were stained with silver nitrate and/or Coomassie Brilliant Blue. Pro- 
teins were Identified by a combination of procedures that Included 
microsequencing, mass spectrometry, two-dimensional gel Western 
immunoWotting, and comparison with the master two-dimensional gel 
Image of human keratinocyte proteins; see biobase.dk/cgl-bin/celis. 

CGH— Hybridization of differentially labeled tumor and normal DNA 
to normal metaphase chromosomes was performed as described 
previously (10). Fluorescein-labeled tumor DNA (200 ng), Texas Red- 



labeled reference DNA (200 ng), and human Cot-1 DNA (20 jig) were 
denatured at 37 °C for 5 min and applied to denatured normal met- 
aphase slides. Hybridization was at 37 "C for 2 days. After washing, 
the slides were counterstairted with 0.15 /ig/mt 4,6-diamidino-2-phe- 
nylindole In an anti-fade solution. A second hybridization was per- 
formed for all tumor samples using fluorescein-labeled reference DNA 
and Texas Red-labeled tumor DNA (inverse labeling) to confirm the 
aberrations detected during the initial hybridization. Each CGH ex- 
periment also included a normal control hybridization using fluores- 
cein- and Texas Red-labeled normal DNA Digital image analysis was 
used to Identify chromosomal regions with abnormal fluorescence 
ratios, indicating regions of DNA gains and losses. The average 
green:red fluorescence intensity ratio profiles were calculated using 
four images of each chromosome (eight chromosomes total) with 
normalization of the greenrred fluorescence intensity ratio for the 
entire metaphase and background correction. Chromosome identifi- 
cation was performed based on 4,6-dlamidinc-2-phenylindole band- 
ing patterns. Only images showing uniform high Intensity fluores- 
cence with minimal background staining were analyzed. All 
centromeres, p arms of acrocentric chromosomes, and heterochro- 
matic regions were excluded from the analysis. 

RESULTS 

Comparative Genomic Hybridization— Th& CGH analysis 
identified a number of chromosomal gains and losses in the 
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Tabu I 



Correlation between alterations detected by CGH and by expression monitoring 
Top CGH used as Independent variable (K CGH alteration - what expression ratio was found); bottom, altered expression used as 
independent variable (II expression alteration - what CGH deviation was found). 



CGH alterations 



Tumor 733 vs. 335 



Tumor 827 vs. 532 



Expression change dusters 



Concordance CGH alterations Expression change 



Concordance 



1 3 Gain 1 0 Up-regulation 

0 Down-regulation 

3 No change 
10 Loss 1 Up-regulation 

5 Down-regulation 

4 No change 



77% 



50% 



10 Gain 8 Up-regulation 

0 Down-regulation 
2 No change 

12 Loss 3 Up-regulation 

2 Down regulation 
7 No change 



80% 



17% 



Expression change clusters 



Tumor 733 vs. 335 
CGH alterations 



Concordance Expression change clusters 



Tumor 827 vs. 532 
CGH alterations 



Concordance 



16 Up-regulation 
21 Down-regulation 



15 No change 



11 Gain 

2 Loss 

3 No change 
1 Gain 

8 Loss 

12 No change 
3 Gain 

3 Loss 

g No change 



69% 



38% 



60% 



17 Up-regulation 
9 Down-regulation 
21 No change 



10 Gain 

5 Loss 

2 No change 

0 Gain 

3 Loss 

6 No change 

1 Gain 
3 Loss 

17 No change 



59% 
33% 
81% 



two invasive tumors (stage pTT. TCCs 733 and 827), whereas 
the two non-invasive papillomas (stage pTa, TCCs 335 and 
532) showed only 9p^, 9q22-q33-, and X-, and 7+, 9q-, 
and Y-, respectively. Both invasive tumors showed changes 
(1q22-24+, 2q14.1-qter-, 3q12-q13.3-, 6q12-q22-, 
9q34+, 11q12-q13+, 17+, and20q11.2-q12+) that are typ- 
ical for their disease stage, as well as additional alterations, 
some of which are shown in Fig. 1. Areas with gains and 
losses deviated from the normal copy number to some extent, 
and the average numerical deviation from normal was 0.4-fold 
in the case of TCC 733 and 0.3-fold for TCC 827. The largest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 in TCC 733 (Fig. ^A) and 
20q12inTCC827 (Fig. 1B). 

mRNA Expression in Relation to DNA Copy Number-The 
mRNA levels from the two invasive tumors (TCCs 827 and 
733) were compared with the two non-invasive counterparts 
(TCCs 532 and 335). This was done in two separate experi- 
ments in which we compared TCCs 733 to 335 and 827 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter. Ap- 
proximately 1,800 genes that yielded a signal on the anays 
were searched in the Unigene and Genemap data bases for 
chromosomal location, and those with a known location 
(1096) were plotted as bars covering their purported locus. In 
that way It was possible to construct a graphic presentation of 
DNA copy number and relative mRNA levels along the Indi- 
vidual chromosomes (Fig. 1). 

For each mRNA a ratio was calculated between the level in 
the invasive versus the non-invasive counterpart. Bars, which 
represent chromosomal location of a gene, were color-coded 
according to the expression ratio, and only differences larger 



than 2-fold were regarded as informative (Fig. 1). The density 
of genes along the chromosomes varied, and areas contain- 
ing only one gene were excluded from the calculations. The 
resolution of the CGH method is very low, and some of the 
outlier data may be because of the fact that the boundaries of 
the chromosomal aberrations are not known at high resolution. 

Two sets of calculations were made from the data. For the 
first set we used CGH alterations as the independent variable 
and estimated the frequency of expression alterations In these 
chromosomal areas. In general, areas with a strong gain of 
chromosomal material contained a cluster of genes having 
increased mRNA expression. For example, both chromo- 
somes 1q21-q25, 2p and 9q, showed a relative gain of more 
than 100% in DNA copy number that was accompanied by 
increased mRNA expression levels in the two tumor pairs (Fig. 
1). In most cases, chromosomal gains detected by CGH were 
accompanied by an increased level of transcripts in both 
TCCs 733 (77%) and 827 (80%) (Table I. fop). Chromosomal 
losses, on the other hand, were not accompanied by de- 
creased expression in several cases, and were often regis- 
tered as having unaltered RNA levels (T able I, top). The inabil- 
ity to detect RNA expression changes in these cases was not 
because of fewer genes mapping to the lost regions (data not 
shown). 

In the second set of calculations we selected expression 
alterations above 2-fold as the independent variable and es- 
timated the frequency of CGH alterations in these areas. As 
above, we found that increased transcript expression corre- 
lated with gain of chromosomal material (TCC 733, 69% and 
TCC 827, 59%), whereas reduced expression was often de- 
tected in areas with unaltered CGH ratios (Table I, bottom). 
Furthermore, as a control we looked at areas with no alter- 
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Fig 2 Correlation between maximum CGH aberration and the ability to detect expression change by oligonucleotide array 
mentoring. The aberration is shown as a numerical -fold change In ratio between invasive tumors 827 (A) and 733 ( ♦) and tn«r noo-inva^/e 
counterparts 532 and 335. The expression change was taken from the Expression fine to the right in Fig. 1, which depicts the resulting 
expression change for a given chromosomal region. At least half of the mRNAs from a given region have to be either up- or down-regulated 
to be scored as an expression change. All chromosomal arms in which the CGH ratio plus or minus one standard deviation was outside the 
ratio value of one were included. 



atiori in expression. No alteration was detected by CGH in 
most of these areas (TCC 733, 60% and TCC 827. 81 %; see 
Table I, bottom). Because the ability to observe reduced or 
increased mRNA expression clustering to a certain chromo- 
somal area clearly reflected the extent of copy number 
changes, we plotted the maximum CGH aberrations in the 
regions showing CGH changes against the ability to detect a 
change in mRNA expression as monitored by the oligonucleo- 
tide arrays (Fig. 2)ULor both tumors TCC 733 (p < 0.015) and 
TCC 827 (p < 0.00003) a highly significant correlation was 
observed between the level of CGH ratio change (reflecting 
the DNA copy number) and alterations detected by the array 
based technology (Fig. 2jj Similar data were obtained when 
areas with altered expression were used as Independent vari- 
ables. These areas correlated best with CGH when the CGH 
ratio deviated 1 .6- to 2.0-fold (Table I, bottom) but mostly did 
not at lower CGH deviations. These data probably reflect that 
loss of an allele may only lead to a 50% reduction in expres- 
sion level, which is at the cut-off point for detection of expres- 
sion alterations. Gain of chromosomal material can occur to a 
much larger extent. 

Microsatellite-based Detection of Minor Areas of Loss- 
es-ln TCC 733, several chromosomal areas exhibiting DNA 
amplification were preceded or followed by areas with a nor- 
mal CGH but reduced mRNA expression (see Fig. 1 , TCC 733 
chromosome 1q32, 2p21, and 7q21 and q32, 9q34, and 
10q22). To determine whether these results were because of 
undetected loss of chromosomal material in these regions or 



because of other non-structural mechanisms regulating tran- 
scription, we examined two mlcrosatellites positioned at chro- 
mosome 1q25-32 and two at chromosome 2p22. Loss of 
heterozygosity (LOH) was found at both 1q25 and at 2p22 
Indicating that minor deleted areas were not detected with the 
resolution of CGH (Rg. 3). Additionally, chromosome 2p in 
TCC 733 showed a CGH pattern of gain/no change/gain of 
DNA that correlated with transcript increase/decrease/in- 
crease. Thus, for the areas showing increased expression 
there was a correlation with the DNA copy number alterations 
(Fig. 1 A). As indicated above, the mRNA decrease observed in 
the middle of the chromosomal gain was because of LOH, 
implying that one of the mechanisms for mRNA down-regu- 
lation may be regions that have undergone smaller losses of 
chromosomal material. However, this cannot be detected with 
the resolution of the CGH method. 

In both TCC 733 and TCC 827, the telomeric end of chro- 
mosome 11p showed a normal ratio In the CGH analysis; 
however, clusters of five and three genes, respectively, lost 
their expression. Two microsatellites (D11S1760, D11S922) 
positioned close to MUC2, K3F2, and cathepsin D indicated 
LOH as the most likely mechanism behind the loss of expres- 
sion (data not shown). 

A reduced expression of mRNA observed in TCC 733 at 
chromosomes 3q24, 11p11, 12p12.2, 12q21.1, and 16q24 
and in TCC 827 at chromosome 11p15.5, 12p11, 15q11.2, 
and 18q12 was also examined for chromosomal losses using 
microsatellites positioned as close as possible to the gene loci 
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FK3. 3. Microsatellite analysis of loss of heterozygosity. Tumor 
733 showing loss of heterozygosity at chromosome 1q25. detected 
(a) by D1S215 close to Hu class I histocompatibility antigen (gene 
number 38 In Fig. 1), (b) by D1S2735 dose to cathepsin E (gene 
number 41 in Fig. 1), and (c) at chromosome 2p23 by D2S2251 close 
to general 0-spectrin (gene number 1 1 on Fig. 1) and of (d) tumor 827 
showing loss of heterozygosity at chromosome 18q12 by S18S1118 
close to mitochondrial 3-oxoacyl-coenzyme A thiolase (gene number 
12 in Fig. 1). The upper curves show the electropherogram obtained 
from normal DNA from leukocytes (N). and the lower curves show the 
electropherogram from tumor DNA (7). In all cases one allele is 
partially lost in the tumor amplicbn. 

showing reduced mRNA transcripts. Only the microsatellite 
positioned at 18q12 showed LOH (Fig. 3), suggesting that 
transcriptional down-regulation of genes In the other regions 
may be controlled by other mechanisms. 

Relation between Changes in mRNA and Protein Levels— 
2D-PAGE analysis, in combination with Coomassie Brilliant 
Blue and/or silver staining, was carried out on all four tumors 
using fresh biopsy material. 40 well resolved abundant known 
proteins migrating in areas away from the edges of the pH 
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Fig. 4. Correlation between protein levels as Judged by 20- 
PAGE and transcript ratio. For comparison proteins were divided In 
three groups, unaltered in level or up- or down-regulated horizontal 
axis). The mRNA ratio as determined by oligonucleotide arrays was 
plotted for each gene (vertical axis). A, mRNAs that were scored as 
present in both tumors used for the ratio calculation; A, mRNAs that 
were scored as absent in the invasive tumors (along horizontal axis) or 
as absent in non-Invasive reference (fop of figure). Two different 
scalings were used to exclude scaling as a confounder, TCCs 827 
and 532 (AA) were scaled with background suppression, and TCCs 
733 and 335 (•O) were scaled without suppression. Both compari- 
sons showed highly significant (p < 0.005) differences In mRNA ratios 
between the groups. Proteins shown were as follows: Group A (from 
toff), phosphoglucomutase 1, glutathione transferase class m number 
4, fatty acid-binding protein homologue, cytokeratin 15, and cyto- 
keratin 1 3; B (from left), fatty acid-binding protein homologue. 28-kDa 
heat shock protein, cytokeratin 1 3, and calcyclin; C (from left), o-eno- 
lase, hnRNP B1, 28-kDa heat shock protein, 14-3-3-e, and 
pre-mRNA splicing factor, 0. mesothelial keratin K7 (type II); E (from 
fop), glutathione S-transferase-w and mesothelial keratin K7 (type II); 
f(from fop and left), adenytyl cyclase- associated protein, E-cadherin. 
keratin 19, calglzzartn, phosphoglycerate mutase, annexin IV, cy- 
loskeletal 7-actin, hnRNP A1, integral membrane protein calnexin 
(IP90). hnRNP H. brain-type clathrin light chain-a, hnRNP F, 70-kDa 
heat shock protein, heterogeneous nuclear ribonucleoprotein A/B, 
Iranslationally controlled tumor protein, liver glyceraldehyde-3-phos- 
phate dehydrogenase, keratin 8, aldehyde reductase, and Na.K- 
ATPase 0-1 subunit; G, (from top and left), TCP20. calgizzarin, 70- 
kDa heat shock protein, calnexin, hnRNP H, cytokeratin 15, ATP 
synthase, keratin 19, triosephosphate isomerase, hnRNP F, liver glyc- 
eraldehyde-3-phosphatase dehydrogenase, glutathione S-transfer- 
ase-ir, and keratin 8: H (from teff), plasma geteolin. autoantigen cal- 
reticulin, thioredoxln, and NAD + -dependent 15 hydroxyprostaglandin 
dehydrogenase; / (from top), prolyl 4-hydroxylase 0-subunit, cyto- 
keratin 20, cytokeratin 17, prohibition, and fructose 1,6-biphos- 
phatase; J annexin II; K, annexin IV; L (from top and teff), 90-kDa heat 
shock protein, prolyl 4-hydroxytase B-subunit, o-enolase, GRP 78, 
cyclophilin, and cofilih. 

gradient, and having a known chromosomal location, were 
selected for analysis In the TCC pair 827/532. Proteins were 
identified by a combination of methods (see "Experimental 
Procedures"). In general there was a highly significant corre- 
lation (p < 0.005) between mRNA and protein alterations (Rg. 
4). Only one gene showed disagreement between transcript 
alteration and protein alteration. Except for a group of cyto- 
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Fig. 5. Comparison of protein and transcript levels in invasive 
and non-invasive TCCs. The upper part of the figure shows a 2D gel 
(/eft) and the oligonucleotide array (rfg/)f) of TCC 532. The red rectan- 
gles on the upper gel highlight the areas that are compared below. 
Identical areas of 2D gels of TCCs 532 and 827 are shown below. 
Clearly, cytokeratins 13 and 15 are strongly down-regulated in TCC 
827 (red annotation). The tile on the array containing probes for 
cytokeratin 15 is enlarged below the array (red arrow) from TCC 532 
and is compared with TCC 827. The upper row of squares in each tile 
corresponds to perfect match probes; the lower row corresponds to 
mismatch probes containing a mutation (used for correction for un- 
specific binding). Absence of signal is depicted as black, and the 
higher the signal the lighter the color. A high transcript level was 
detected in TCC 532 (6151 units) whereas a much lower level was 
detected in TCC 827 (absence of signals). For cytokeratin 13. a high 
transcript level was also present in TCC 532 (15659 units), and a 
much lower level was present in TCC 827 (623 units). The 2D gels at 
the bottom of the figure (feft) show levels of PA-FABP and adlpocyte- 
FABP in TCCs 335 and 733 (invasive), respectively. Both proteins are 
down-regulated in the invasive tumor. To the right we show the array 
tiles for the PA-FABP transcript. A medium transcript level was de- 
tected in the case of TCC 335 (1277 units) whereas very low levels 
were detected in TCC 733 (166 units). IEF, isoelectric focusing. 



keratins encoded by genes on chromosome 17 (Fig. 5) the 
analyzed proteins did not belong to a particular family. 26 well 
focused proteins whose genes had a know chromosomal 
location were detected in TCCs 733 and 335, and of tfiese 19 
correlated (p < 0.005) with the mRNA changes detected using 
the arrays (Fig. 4). For example, PA-FABP was highly ex- 
pressed in the non-invasive TCC 335 but tost in the invasive 
counterpart (TCC 733; see Fig. 5). The smaller number of 
proteins detected in both 733 and 335 was because of the 
smaller size of the biopsies that were available. 

il chromosomal regions where CGH showed aberrations 
that corresponded to the changes in transcript levels also 
showed corresponding changes in the protein level (Table II). 
These regions included genes that encode proteins that are 
found to be frequently altered In bladder cancer, namely 
cytokeratins 17 and 20, annexins II and IV, and the fatty 
acid-binding proteins PA-FABP and FBP1. Four of these pro- 
teins were encoded by genes in chromosome 17q, a fre- 
quently amplified chromosomal area in invasive bladder 
cancers. 

DISCUSSION 

Most human cancers have abnormal DNA content, having 
lost some chromosomal parts and gained others. The present 
study provides some evidence as to the effect of these gains 
and losses on gene expression In two pairs of non-invasive 
and invasive TCCs using high throughput expression arrays 
and proteomics, in combination with CGH. In general, the 
results showed that there is a clear individual regulation of the 
mRNA expression of single genes, which in some cases was 
superimposed by a DNA copy number effect In most cases, 
genes located in chromosomal areas with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
losses showed either no change or a reduced mRNA expres- 
sion. The latter might be because of the fact that losses most 
often are restricted to loss of one allele, and the cut-off point 
for detection of expression alterations was a 2-fold change, 
thus being at the border of detection. In several cases, how- 
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Table II 

Proteins whose expression level correlates with both mRNA and gene dose changes 



Chromosomal location Tumor TCC CGH alteration Transcript alteration* Protein alteration 



Annexin II 
Annexin IV 
Cytokeratin 17 
Cytokeratin 20 
(PA-)FABP 
FBP1 

Plasma gelsolin 
Heat shock protein 28 
Prohibltin 
Prolyl-4-hydroxyl 
hnRNPBI 



1q21 
2p13 

17q12-q21 

17q21.1 

8q21.2 

9q22 

9q31 

15q12-q13 
17q21 
17q25 
7p15 



733 

733 

827 

827 

827 

827 

827 

827 
827/733 
827/733 

827 



Gain 
Gain 
Gain 
Gain 
Loss 
Gain 
Gain 
Loss 
Gain 
Gain 
Loss 



Abs to Pros' 
3.9-FoM up 
3.8-Fold up 

5.6- Fold up 
10-Fold down 
2.3-FokJ up 
Abs to Pres 
2.5-Fold up 

3.7- /23- Fold up" 
5.7-/1.6-FoW up 
2.5-FokJ down 



Increase 

Increase 

Increase 

Increase 

Decrease 

Increase 

Increase 

Decrease 

Increase 

Increase 

Decrease 



^casTw^reTh^cSonding alterations were found in both TCCs 827 and 733 these are shown as 827/733. 
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ever, an increase or decrease in DNA copy number was 
associated with de novo occurrence or complete loss of tran- 
script, respectively. Some of these transcripts could not be 
detected In the non-invasive tumor but were present at rela- 
tively high levels in areas with DNA amplifications In the inva- 
sive tumors {e.g. in TCC 733 transcript from cellular ligand of 
annexin II gene (chromosome 1q21) from absent to 2670 
arbitrary units; in TCC 827 transcript from small proline-rich 
protein 1 gene (chromosome 1q12-q21.1) from absent to 
1326 arbitrary units). It may be anticipated from these data 
that significant clustering of genes with an Increased expres- 
sion to a certain chromosomal area Indicates an increased 
likelihood of gain of chromosomal material In this area 

Considering the many possible regulatory mechanisms act- 
ing at the level of transcription, it seems striking that the gene 
dose effects were so clearly detectable in gained areas. One 
hypothetical explanation may lie in the loss of controlled 
methylatjon in tumor cells (17-19). Thus, It may be possible 
'• that in chromosomes with increased DNA copy numbers two 
or more alleles could be demethylated simultaneously leading 
to a higher transcription level, whereas in chromosomes with 
losses the remaining allele could be partly methylated, turning 
off the process (20, 21). A recent report has documented a 
ploidy regulation of gene expression in yeast, but in this case all 
the genes were present in the same ratio (22), a situation that is 
not analogous to that of cancer cells, which show marked 
chromosomal aberrations, as well as gene dosage effects. 

Several CGH studies of bladder cancer have shown that 
some chromosomal aberrations are common at certain 
stages of disease progression, often occurring in more than 1 
of 3 tumors. In pTa tumors, these include 9p-. 9q- , 1q+. Y- 
(2, 6), and in pT1 tumors, 2q-,11p-, 11q-,1q+. 5p+, 8q+. 
17q+, and 20q+ (2-4, 6, 7). The pTa tumors studied here 
showed similar aberrations such as 9p- and 9q22-q33- and 
9q-r and Y-, respectively. Likewise, the two minimal Invasive 
pT1 tumors showed aberrations that are commonly seen at 
that stage, and TCC 827 had a remarkable resemblance to the 
commonly seen pattern of losses and gains, such as 1 q22-24 
amplification (seen in both tumors). 11q14-q22 loss, the latter 
often linked to 17 q+ (both tumors), and 1q+ and 9p-. often 
linked to 20q+ and 11 q13+ (both tumors) (7-9). These ob- 
servations indicate that the pairs of tumors used in this study 
exhibit Chromosomal changes observed in many tumors, and 
therefore the findings could be of general importance for 
bladder cancer. 

Considering that the mapping resolution of CGH is of about 
20 megabases it is only possible to get a crude picture of 
chromosomal instability using this technique. Occasionally, 
we observed reduced transcript levels close to or inside re- 
gions with increased copy numbers. Analysis of these regions 
by positioning heterozygous microsatellites as close as pos- 
sible to the locus showing reduced gene expression revealed 
loss of heterozygosity in several cases. It seems likely that 
multiple and different events occur along each chromosomal 



arm and that the use of cDNA microarrays for analysis of DNA 
copy number changes will reach a resolution that can resolve 
these changes, as has recently been proposed (2). The outlier 
data were not more frequent at the boundaries of the CGH 
aberrations. At present we do not know the mechanism be- 
hind chromosomal aneuptoldy and cannot predict whether 
chromosomal gains will be transcribed to a larger extent than 
the two native alleles. A mechanism as genetic Imprinting has 
an impact on the expression level in normal cells and is often 
reduced in tumors. However, the relation between imprinting 
and gain of chromosomal material is hot known. 

We regard It as a strength of this Investigation that we were 
able to compare invasive tumors to benign tumors rather than 
to normal urothelium, as the tumors studied were biologically 
very close and probably may represent successive steps in 
the progression of bladder cancer. Despite the limited amount 
of fresh tissue available it was possible to apply three different 
state of the art methods. The observed correlation between 
DNA copy number and mRNA expression is remarkable when 
one considers that different pieces of the tumor biopsies were 
used for the different sets of experiments. This indicate that 
bladder tumors are relatively homogenous, a notion recently 
supported by CGH and LOH data that showed a remarkable 
similarity even between tumors and distant metastasis (10, 23). 

In the few cases analyzed, mRNA and protein levels 
showed a striking correspondence although in some cases 
we found discrepancies that may be attributed to translational 
regulation, post-translational processing, protein degrada- 
tion, or a combination of these. Some transcripts belong to 
undertranslated mRNA pools, which are associated with few 
translationally inactive ribosomes; these pools, however, 
seem to be rare (24). Protein degradation, for example, may 
be very important in the case of polypeptides with a short 
half-life (eg. signaling proteins). A poor correlation between 
mRNA and protein levels was found in liver cells as deter- 
mined by arrays and 2D-PAGE (25), and a moderate correla- 
tion was recently reported by Ideker ef a/. (26) in yeast, 
interestingly, our study revealed a much better correlation 
between gained chromosomal areas and increased mRNA 
levels than between loss of chromosomal areas and reduced 
mRNA levels. In general, the level of CGH change determined 
the ability to detect a change in transcript) One possible 
explanation could be that by losing one allele the change in 
mRNA level is not so dramatic as compared with gain of 
material, which can be rather unlimited and may lead to a 
severalfold increase in gene copy number resulting in a much 
higher impact on transcript level. The latter would be much 
easier to detect on the expression arrays as the cut-off point 
was placed at a 2-fold level so as not to be biased by noise on 
the array. Construction of arrays with a better signal to noise 
ratio may in the future allow detection of lesser than 2-fold 
alterations in transcript levels, a feature that may facilitate the 
analysis of the effect of loss of chromosomal areas on tran- 
script levels. 
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In eleven cases we found a significant correlation between 
DNA copy number, mRNA expression, and protein level. Four 
of these proteins were encoded by genes located at a fre- 
quently amplified area in chromosome 17q. Whether DNA 
copy number is one of the mechanisms behind alteration of 
these eleven proteins is at present unknown and will have to 
be proved by other methods using a larger number of sam- 
ples. One factor making such studies complicated is the large 
extent of protein modification that occurs after translation, 
requiring immunoidentification and/or mass spectrometry to 
correctly identify the proteins in the gels. 

In conclusion, the results presented in this study exemplify 
the large body of knowledge that may be possible to gather in 
the future by combining state of the art techniques that follow 
the pathway from DNA to protein (26). Here, we used a tradi- 
tional chromosomal CGH method, but in the future high reso- 
lution CGH based on microarrays with many thousand radiation 
hybrid-mapped genes will increase the resolution and informa- 
tion derived from these types of experiments (2). Combined with 
expression arrays analyzing transcripts derived from genes with 
known locations, and 2D gel analysis to obtain information at 
the post-translatlonal level, a clearer and more developed un- 
derstanding of the tumor genome will be forthcoming. 
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ABSTRACT 

Genetic changes underlie tumor progression and may lead to cancer- 
specific expression of critical genes. Over 1100 publications have de- 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy number alterations in cancer, but very few of the genes 
affected are known. Here, we performed high-resolution CGH analysis on 
cDNA microarrays in breast cancer and directly compared copy number ^ 
and mRNA eipression levels of 13,824 genes to quantitate the impact of 
genomic changes on gene expression. We Identified and mapped the 
boundaries of 24 independent amplicons, ranging in size from 0.2 to 12 
Mb. Throughout the genome, both high- and low-level copy nnmber 
changes had a substantial Impact on gene eipression, with 44% of the 
highly amplified genes showing overexpression and 10.5% of the highly 
overexpressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included roost previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the HOXB7 gene, 
the presence or which in a novel amplicon at 17q213 was validated in 
10.2% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cDNA microarrays revealed hundreds of 
novel gene* whose overexpression is attributable to gene amplification. 
These genes may provide insights to the clonal evolution and progression 
of breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapeutic targets remains limited. 

Accumulation of genetic defects is thought to underlie the clonal 
evolution of cancer. Identification of the genes that mediate the effects 
of genetic changes may be important by highlighting transcripts that 
are actively involved in tumor progression. Such transcripts and their 
encoded proteins would be ideal targets for anticancer therapies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, such as ERBB2 and EGFR (7, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 
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Fig 1 . Impact of gene copy number on global gene expression levels. A. percentage of 
over- and underexprcssed genes (X axis) according to copy number ratios 
Threshold values used for over- and underexpression were >2.184 (global upper 7% 01 
the cDNA ratios) and <0.4826 (global lower 7% or the expression ratios). B. percentage 
of amplified and deleted genes according to expression ratios. Threshold values for 
amplification and deletion were >l.5 and <0.7. 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH* (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

We hypothesized that genome-wide identification of those gene 
expression changes that are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in the causation or maintenance of the malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and (i) identify and characterize those genes whose mRNA expres- 



3 The abbreviations used are: CGH, comparative genomic hybridization; FISH, fluo- 
rescence in situ hybridization; RT-PCR, reverse transcription-PCR. 
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sion is most significantly associated with amplification of the corre- 
sponding genomic template. 

MATERIALS AND METHODS 

Breast Cancer Cell lines. Fourteen breast cancer cell lines (BT-20, BT- 
474, HCC1428, Hs578t, MCF7, MDA-361, MDA-436, MDA-453, MDA-468, 
SKBR-3, T-47D, UACC812, ZR-75-1. and ZR-75-30) were obtained from the 
American Type Culture Collection (Manassas, VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mRNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDNA Microarrays. The 
preparation and printing of the 13,824 cDNA clones on glass slides were 
performed as described (1 1-13). Of these clones, 244 represented uncharac- 
terized expressed sequence tags, and the remainder corresponded to known 
genes. CGH experiments on cDNA microarrays were done as described (14, 
15). Briefly, 20 ji* of genomic DNA from breast cancer cell Ones and normal 
human WBCs were digested for 14-18 h with AMI and teal (Life Technol- 
ogies, Inc., Rockville, MD) and purified by phenoVchloroform extraction. Six 
W of digested cell line DNAs were labeled with Cy3-dUTP (Amersham 
Pharmacia) and normal DNA with CyS-dUTP (Amersham Pharmacia) using 
the Bioprime Labeling kit (Life Technologies, Inc.). Hybridization (14, 1 5) and 
posthybridization washes (13) were done as described. For the expression 
analyses, a standard reference (Universal Human Reference RNA; Stratagene, 
La Jolla, CA) was used in all experiments. Forty Mg of reference RNA were 
labeled with Cy3-dUTP and 3.5 ng of test mRNA with CyS-dUTP, and the 
labeled cDNAs were hybridized on microarrays as described (13, 15). For both 
microarray analyses, a laser confocal scanner (Agilent Technologies, Palo 
Alto CA) was used to measure tbe fluorescence intensities at the target 
locations using the DEARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by the 
average intensity of the corresponding clone in the control hybridization. For 
the copy number analysis, the ratios were normalized on the basis of the 
distribution of ratios of all targets on the array and for the expression analysis 
on the basis of 88 housekeeping genes, which were sponed four times onto tbe 
array. Low quality measurements (I.e.. copy number data with mean reference 
intensity <100 fluorescent units, and expression data with both test and 
reference intensity <100 fluorescent units and/or with spot size <50 units) 
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were excluded from the analysis and were treated as missing values. The 
distributions of fluorescence ratios were used to define cutpoints for increased/ 
decreased copy number. Genes with CGH ratio >1.43 (representing the upper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with ratio <0.73 (representing the lower 5%) were considered to be 

deleted. _ _ , . 

Statistical Analysis of CGH and cDNA Microarray Data. To evaluate 
the influence of copy number alterations on gene expression, we applied the 
following statistical approach. CGH and cDNA calibrated intensity rattos were 
log-transformed and normalized using median centering of the values m each 
cell line Furthermore, cDNA ratios for each gene across all 14 cell lines were 
median centered. For each gene, the CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, >1.43) and 0 for no amplification. 
Amplification was correlated with gene expression using the stgnal-to-noise 
statistics (1). We calculated a weight, v e for each gene as follows: 



tn s i~ m tD 



where m s) . a. x and o-„, denote the means and SDs for the expression 
levels for amplified and nonamplified cell lines, respectively. To assess the 
statistical significance of each weight, we performed 10,000 random permu- 
tations of the label vector. The probability that a gene had a larger or equal 
weight by random permutation than the original weight was denoted by a. A 
low a (<0.05) indicates a strong association between gene expression and 
amplification. 

Genomic Localization of cDNA Clones and AmpBeon Mapping. Each 
cDNA clone on the microarray was assigned to a Unigene cluster using the 
Unigene Build 141* A database of genomic sequence alignment information 
for mRNA sequences was created from the August 2001 freeze of tbe Uni- 
versity of California Santa Cruz's GoldenPath database. 7 The chromosome and 
bp positions for each cDNA clone were then retrieved by relating these data 
sets Amplicons were defined as a CGH copy number ratio >2.0 m at least two 
adjacent clones in two or more cell lines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The amplicon start and end positions were 



• Internet address: bttpy/researchjihgrLnik^ 
7 Internet address: www.gcnome.ucsc.edu. 



Table I Summary of independent anpllcons in 14 breast cancer cell lines by 
CGH microarray 
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42.80 
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3-3 


63.81 


69.70 
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5.1 


40.63 
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34.59 


35.85 


1.3 


44.00 


45.62 


1.6 


46.45 


49.43 


3.0 


51.32 


59.12 


7.8 



GENE EXPRESSION PATTERNS IN BREAST CANCER 

COH were validated, with lq21, 17ql2-q21.2, 17q22-q23, 20ql3.1, 
and 20ql3.2 regions being most commonly amplified. Furthermore, 
the boundaries of these amplicons were precisely delineated. In ad- 
dition,, novel amplicons were identified at 9pl3 (38.65-39.25 Mb), 
and 17q213 (52.47-55.80 Mb). 

Direct Identification of Putative Amplification Target Genes. 
The cDNA/CGH microarray technique enables the direct correla- 
tion of copy number and expression data on a gene-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the amplified genes in the MCF-7 breast cancer 
cell line at lpl3, 17q22-q23, and 20ql3 were highly overex- 
pressed. A view of chromosome 7 in the MDA-468 cell line 
implicates EGFR as the most highly overexpressed and amplified 
gene at 7pll-pl2 (Fig. 3A). In BT-474. the two known amplicons 
at 17ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig. 3B). In addition, several genes, including the 
homeobox genes HOXB2znd HOXB7, were highly amplified in a 
previously undescribed independent amplicon at 17q21.3. HOXB7 
was systematically amplified (as validated by FISH, Fig. IB. inset) 
as well as overexpressed (as verified by RT-PCR, data not shown) 
in BT-474, UACC812, and ZR-75-30 cells. Furthermore, this novel 



extended to include neighboring nonamplified clones (ratio, <1.5). The am- 
plicon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FISH to breast cancer cell lines was done as 
described (17). Bacterial artificial chromosome clone RP11-361K8 was la- 
beled with SpectrumOrange (Vysis. Downers Grove, IL), and Spectrum- 
Orange-labeled probe for EGFR was obtained from Vysis. SpectrumGreen- 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a 
reference. A tissue microarray containing 612 formalin-fixed, paraffin-embed- 
ded primary breast cancers (17) was applied in FISH analyses as described 
( 1 8). The use of these specimens was approved by the Ethics Committee of the 
University of Basel and by the NIH. Specimens containing a 2-fold or higher 
increase in the number of test probe signals, as compared with corresponding 
centromere signals, in at least 10% of the tumor cells were considered to be 
amplified. Survival analysis was performed using the Kaplan-Meier method 
and the log-rank test. 

RT-PCR. The HOXB7 expression level was determined relauve to 
CAPDH. Reverse transcription and PCR amplification were performed using 
Access RT-PCR System (Promega Corp.. Madison, Wl) with 10 ng of mRNA 
as a template. HOXB7 primers were f '-GAGCAGAGGGACTCGGACTT-3' 
and 5'-GCGTCAGGTAGCGATTGTAG-3'. 



RESULTS 

Global Effect of Copy Number on Gene Expression. 13,824 
arrayed cDNA clones were applied for analysis of gene expression 
and gene copy number (CGH microarrays) in 14 breast cancer cell 
lines. The results illustrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed (/.*.. belonged to 
the global upper 7% of expression ratios), compared with only 6% for 
genes with normal copy number levels (Fig. 1 A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, >10) 
showed increased copy number (Fig. IB). Low-level copy number 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

Identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for 1 1,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resolution mapping identified 24 independent 
breast cancer amplicons, spanning from 0.2 to 12 Mb of DNA (Table 
I). Several amplification sites detected previously by chromosomal 
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Fig. 4. List of 50 genes with a statistically 
significant correlation (o value <0.05) between 
gene copy number and gene expression. Name, 
chromosomal location, and the a value for each 
gene are indicated. The genes rave been ordered 
according to their position in the genome. The color 
maps on the right illustrate the copy number and 
expression ratio patterns in the 14 cell lines. The 
key to the color code is shown at the bottom of the 
graph. Gray squares, missing values. The complete 
list of 270 genes is shown in supplemental Fig. B. 
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amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients (P = 0.001). 

Statistical Identification and Characterization of 270 Highly 
Expressed Genes in Amplicons. Statistical comparison of expres- 
sion levels of all genes as a function of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell lines (Fig. 4, Supplemental Fig. B). Accord- 
ing to the gene ontology data, 8 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) are implicated in apoptosis, cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that could not be directly linked with cancer. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in > 1000 publications applying CGH 9 (9, 10), as well 
as in a large number of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes on gene expression levels have remained largely unknown, 
although a few studies have explored gene expression changes occur- 
ring in specific amplicons (15, 19-21). Here, we applied genome- 
wide cDNA microarrays to identify transcripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

The overall impact of copy number on gene expression patterns was 
substantial with the most dramatic effects seen in the case of high- 



* Internet address: http://www.gerieOTtology.org/. 



* Internet address: hBpy/www.ncbLnlm.nih.gov/entrez. 
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level copy number increase. Low-level copy number gains and losses 
also had a significant influence on expression levels of genes in the 
regions affected, but these effects were more subtle on a gene-by-gene 
basis than those of high-level amplifications. However, the impact of 
low-level gains on the dysregulation of gene expression patterns in 
cancer may be equally important if not more important than that of 
high-level amplifications. Aneuploidy and low-level gains and losses 
of chromosomal arms represent the most common types of genetic 
alterations in breast and other cancers and, therefore, have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 
model system (22-24). 

The CGH roicroarray analysis identified 24 independent breast 
cancer amplicons. We defined the precise boundaries for many am- 
plicons detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presumably because of their small size (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
involved the homeobox gene region at 17q21.3 and led to the over- 
expression of the HOXB7 and HOXB2 genes. The homeodomain 
transcription factors are known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
tumorigenicity and angiogenesis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
anism for oyerexpressing HOXB7 in breast cancer and suggest that 
HOXB7 contributes to rumor progression and confers an aggressive 
disease phenotype in breast cancer. This view is supported by our 
finding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association of amplification with poor prognosis 
of the patients. 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing -2% of all genes on the array), including not only 
previously described amplified genes, such as HER-2, MYC, 
EGFR, ribosomal protein s6 kinase^ and AJB 3, but also numerous 
novel genes such as NRAS-related gene (lpl3), syndecan-2 (8q22), 
and bone morphogenic protein (20ql3.1), whose activation by 
amplification may similarly promote breast cancer progression. 
Most of the 270 genes have not been implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would not expect alt of them to be causally 
involved, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization of these genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, we. demonstrate application of cDNA microarrays 
to the analysis of both copy number and expression levels of over 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: (a) evidence of a 
prominent global influence of copy number changes on gene 
expression levels; (6) a high-resolution map of 24 independent 
amplicons in breast cancer; and (e) identification of a set of 270 
genes, the overexpression of which was statistically attributable to 
gene amplification. Characterization of a novel amplicon at 
. 17q2K3 implicated amplification and overexpression of the 
HOXB7 gene in breast cancer, including a clinical association 
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between HOXB7 amplification and poor patient prognosis. Overall, 
our results illustrate how the identification of genes activated by 
gene amplification provides a powerful approach to highlight 
genes with an important role in cancer as well as to prioritize and 
validate putative targets for therapy development. 
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Contributed by Patrick O. Brown. August 6, 2002 
Genomic DNA copy number alterations are key genetic events in 
the development and progression of human cancers. Here we 
report a genome-wide microarray comparative genomic hybrid- 
ization (array CGH) analysis of DNA copy number variation in 
a series of primary human breast tumors. We have profiled DNA 
copy number alteration across 6,691 mapped human genes, in 44 
predominantly advanced, primary breast tumors and 10 breast 
cancer cell lines. While the overall patterns of DNA amplification 
and deletion corroborate previous cytogenetic studies, the high- 
resolution (gene-by-gene) mapping of amplicon boundaries and 
the quantitative analysis of amplicon shape provide significant 
improvement in the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to which variation In gene copy number contributes to 
variation in gene expression in tumor cells. Specifically, we find 
that 62% of highly amplified genes show moderately or highly 
elevated expression, that DNA copy number influences gene ex- 
pression across a wide range of DNA copy number alterations 
(deletion, low-, mid- and high-level amplification), that on average, 
a 2-fold change in DNA copy number is associated with a corre- 
sponding 1 .5-fold change in mRNA levels, and that overall, at least 
12% of all the variation in gene expression among the breast 
tumors Is directly attributable to underlying variation in gene copy 
number. These findings provide evidence that widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which may contribute to the development or 
progression of cancer. 

Conventional cytogenetic techniques, including comparative 
genomic hybridization (CGH) (1), have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
[eg., FGFR1 (8pll), MYC (6q24), CCND1 (llql3), ERBB2 
(17ql2), and ZNF217 (20ql3)j and tumor suppressor genes 
[RBI (13ql4) and TP53 (17pl3)], the relevant gene(s) within 
other regions (e.g., gain of lq, 8q22. and 17q22-24, and loss of 
8p) remain to be identified. A high-resolution genome-wide 
map, delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogenes and tumor suppressor genes in breast 
cancer. In this study, we have created such a map, using 
array-based CGH (5-7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within involved 
regions. Because we had measured mRNA levels in parallel in 
the same samples (8), using the same DNA microarrays. we had 
an opportunity to explore on a genomic scale the relationship 
between DNA copy number changes and gene expression. From 



this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
programs of breast tumors. 

Materials and Methods 

Tumors and Cell Lines. Primary breast tumors were predominantly 
large (>3 cm), intermediate-grade, infiltrating ductal carcino- 
mas, with more than 50% being lymph node positive. The 
fraction of tumor cells within specimens averaged at least 50%. 
Details of individual tumors have been published (8, 9), and 
are summarized in Table 1, which is published as supporting 
information on the PNAS web site, www.pnas.org. Breast cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either using Qiagen 
genomic DNA columns, or by phenol/chloroform extraction 
followed by ethanol precipitation. 

DNA Labeling and Microarray Hybridizations. Genomic DNA label- 
ing and hybridizations were performed essentially as described 
in Pollack et al (7), with slight modifications. Two micrograms 
of DNA was labeled in a total volume of 50 microliters and the 
volumes of all reagents were adjusted accordingly. 'Test" DNA 
(from tumors and cell lines) was f luorescently labeled (CyS) and 
hybridized to a human cDNA microarray containing 6,691 
different mapped human genes (i.e., UniGene clusters). The 
"reference" (labeled with Cy3) for each hybridization was nor- 
mal female leukocyte DNA from a single donor. The fabrication 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized arrays were scanned 
on a GenePix scanner (Axon Instruments, Foster City, CA), and 
fluorescence ratios (test/reference) calculated using scanalyze 
software (available at http://rana.lbl.gov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equal to 0. Measure- 
ments with fluorescence intensities more than 20% above back- 
ground were considered reliable. DNA copy number profiles 
that deviated significantly from background ratios measured in 
normal genomic DNA control hybridizations were interpreted as 
evidence of real DNA copy number alteration (see Estimating 
Siffiificance of Altered Fluorescence Ratios in the supporting 
information). When indicated, DNA copy number profiles are 
displayed as a moving average (symmetric 5-nearest neighbors). 
Map positions for arrayed human cDNAs were assigned by 
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identifying the starting position of the best and longest match of 
any DNA sequence represented in the corresponding UniGene 
cluster (10) against the "Golden Path" genome assembly 
(http://genome.ucsc.edu/; Oct 7, 2000 Freeze). For UniGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for all elements representing the same UniGene 
cluster) are reported. For mRNA measurements, fluorescence 
ratios are "mean-centered" (i.e., reported relative to the mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety in the supporting information. 

Results 

We performed CGH on 44 predominantly locally advanced, 
primary breast tumors and 10 breast cancer cell lines, using 
cDNA microarrays containing 6,691 different mapped human 
genes (Fig. la; also see Materials and Methods for details of 
microarray hybridizations). To take full advantage of the im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the "Golden 
Path" (http://genome:ucsc.edu/) genome assembly of the draft 
human genome sequences (11). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.g;, 
candidate oncogenes within amplicons), but also provide precise 
genetic landmarks for chromosomal regions of amplification and 
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deletion. Parallel analysis of DNA from cell lines containing 
different numbers of X chromosomes (Fig. 16), as we did before 
(7) demonstrated the sensitivity of our method to detect single- 
copy loss («, XO). and 13- (47.XXX), 2- (48,XXXX) or 
2.5-fold (49.XXXXX) gains (also see Fig. 5, which is published 
as supporting information on the PNAS web site). Fluorescence 
ratios were linearly proportional to copy number ratios, which 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer cell lines and primary tumors 
(Fie. la), detected in the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally lower in the tumor samples. DNA copy-number 
alterations were found in every cancer cell line and tumor, and 
on every human chromosome in at least one sample. Recurrent 
regions of DNA copy number gain and toss were readily iden- 
tifiable. For example, gains within lq, 8q, 17q, and 20q were 
observed in a high proportion of breast cancer cell lmes/tumors 
(90%/69%, 100%/47%, 100%/60%, and 90%/44% r^pective- 
hr), as were losses within lp, 3p, 8p, and 13q (80%/24%, 
80%/22%, 80%/22%, and 70%/18%, respectively), consistent 
with published cytogenetic studies (refe. 2-4; a complete listing 
of gains/losses is provided in Tables 2 and 3, which are published 
as supporting information on the PNAS web site). The total 
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number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade (P = 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative (P = 0.04). and harboring TP53 mutations (P = 
0.0006) (see Table 4, which is published as supporting informa- 
tion on the PNAS web site). 

The improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a different known or previously 
uncharacterized oncogene (Fig. 2a). The complexity of amplicon 
structure is most easily appreciated in the breast cancer cell line 
SKBR3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12), we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. 2b). For each of these regions we can define the 



boundaries of the interval recurrently amplified in the tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these regions, as well as the 
recurrently amplified regions on chromosomes 17 and 20, can be 
found in Figs. 6 and 7, which are published as supporting 
information on the PNAS web site). ' 

For a subset of breast cancer cell lines and tumors (4 and 37, 
respectively), and a subset of arrayed genes (6,095), mRNA 
levels were quantitatively measured in parallel by using cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed are the strongest candidate oncogenes within an ampli- 
con. Perhaps more significantly, our parallel analysis of DNA 
copy number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 

A strong influence of DNA copy number on gene expression 
is evident in an examination of the pseudocolor representations 
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of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression are quite concordant; i.c a significant 
fraction of highly amplified genes appear to be correspondingry 
highly expressed. The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the PNAS web site) 
are found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion and lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4a). For both the 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes, in a. 
statistically significant fashion (P values for pair-wise Student's 
t tests comparing adjacent classes: cell lines, 4 x 10 -49 , 1 * 10 , 
5 x 10- 5 . 1 x tumors, 1 x lO" 43 , 1 X lO" 214 , 5 x 10" 41 . 
1 X 10 -4 ). A linear regression of the average Iog(DNA copy 
number), for each class, against average log(mRNA level) 
demonstrated that on average, a 2-fold change in DNA copy 
number was accompanied by 1.4- and 1 .5-fold changes in mRNA • 
level for the breast cancer cell lines and tumors, respectively (Fig. 
4a, regression line not shown). Second, we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 46). 
The distribution of correlations forms a normal-shaped curve, 
but with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right tail of the distribution 
in Fig. 46) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of all variation measured in mRNA levels among the 37 
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tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
7% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig. Ad). We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data most reliably measured (fluorescence intensity/ 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directly attributed to variation in gene 
copy number increases to 12% (Fig. Ad). This still undoubtedly 
represents a significant underestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples. 

Discussion 

This genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates the 
usefulness of defining amplicon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amplicon shape, to 
assist in locating and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 
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cell lines and tumors. Although the DNA microarrays used in our 
analysis may display a bias toward characterized and/or highly 
expressed genes, because we are examining such a large fraction 
of the genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likely to be generaiizable 
(but would nevertheless still be remarkable if only applicable to 
this set of -6,100 genes). 

In budding yeast, aneuploidy has been shown to result in 
chromosome-wide gene expression biases (13). Two recent 
studies have begun to examine the global relationship between 
DNA copy number and gene expression in cancer cells. In 
agreement with our findings, Phillips et aL (14) have shown that 
with the acquisition of tumorigenicity in an immortalized pros- 
tate epithelial cell line, new chromosomal gains and losses 
resulted in a statistically significant respective increase and 
decrease in the average expression level of involved genes. In 
contrast, Platzer et al. (15) recently reported that in metastatic 
colon tumors only ~A% of genes within amplified regions were 
found more highly (>2-fold) expressed, when compared with 
normal colonic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least 2-fold increased expression. These contrasting 
findings may reflect methodological differences between the 
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studies. For example, the study of Platzer et al. (15) may have 
systematically under-measured gene expression changes. In this 
regard it is remarkable that only 14 transcripts of many thousand 
residing within unamplified chromosomal regions were found to 
exhibit at least 4-fold altered expression in metastatic colon 
cancer. Additionally, their reliance on lower-resolution chromo- 
somal CGH may have resulted in poorly delimiting the bound- 
aries of high-complexity amplicons, effectively overcalling re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biological differences 
between breast and metastatic colon tumors; resolution of this 
issue will require further studies. 

Our finding that widespread DNA copy number alteration has 
a large, pervasive and direct effect on global gene expression 
patterns in breast cancer has several important implications. 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests that 
most genes are not subject to specific autoregulation or dosage 
compensation. Third, this finding cautions that elevated expres- 
sion of an amplified gene cannot alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 62% of highly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of high-resolution mapping of ampli- 
con boundaries and shape [to identify the "driving" gene(s) 
within amplicons (16)], on a large number of samples, in addition 
to functional studies. Fourth, this finding suggests that analyzing 
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the genomic distribution of expressed genes, even within existing 
microarray gene expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
finding implies that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity in clinical 
behavior) among patients' tumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, this finding supports 
a possible role for widespread DNA copy number alteration in 
tumorigenesis (17, 18), beyond the amplification of specific 
oncogenes and deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and the concomitant 
widespread imbalance in gene expression, might disrupt critical 
stochioroetric relationships in cell metabolism and physiology 
(e.g., proteosome, mitotic spindle), possibly promoting further 
chromosomal instability and directly contributing to tumor 
development or progression. Finally, our findings suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances in gene expression in cancer. 
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Each year, over 182,000 women in the United States are 
diagnosed with breast cancer, and approximately 45,000 die 
of the disease. 1 Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for the increase are unclear, but non-genetic risk factors appear 
to play a large role. 2 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast cancer has been 
made is the number of axillary lymph nodes to which tumor 
has metastasized. Most node-positive women are given adju- 
vant therapy, which increases their survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease, and the difficulty lies in how to iden- 
tify this high-risk subset of patients. These patients could 
benefit from increased surveillance, early intervention, and 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include tumor size, histological grade, steroid 
hormone receptor status, DNA ploidy, proliferative index, and 
cathepsin D status. Expression of growth factor receptors and 
over-expression of the HER-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 

HER-2/neu (also known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct from, the epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overexpressed in 10%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma. 3 

There are two distinct FDA-approved methods by which 
HER-2/neu status can be evaluated: immunohistochemistry 
(IHC, HercepTest™) and FISH (fluorescent in situ hybridiza- 
tion, PathVysion™ Kit). Both methods can be performed on 
archived and current specimens. The first method allows visual 
assessment of the amount of HER-2/neu protein present on 
the cell membrane. The latter method allows direct quantifi- 
cation of the level of gene amplification present in the rumor, 
enabling differentiation between low- versus high-amplifica- 
tidh. At least one study has demonstrated a difference in 



recurrence risk in women younger than 40 years of age for 
low- versus high-amplified tumors (54.5% compared to 
85.7%); this is compared to a recurrence rate of 16.7% for 
patients with no HER-2/neu gene amplification. 4 HER-2/neu 
status may be particularly important to establish in women with 
small 1 cm) tumor size. 

The choice of methodology for determination of HER-2/ 
neu status depends in part on the clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving 1549 node-positive patients. Patients received one 
of three different treatments consisting of different doses of 
cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of adriamycin- 
based therapy, while those with normal HER-2/neu levels did 
not. The study therefore identified a sub-set of women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects. In 
addition, other evidence indicates that HER-2/neu amplifica- 
tion in node-negative patients can be used as an independent 
prognostic indicator for early recurrence, recurrent disease at 
any time and disease-related death. 5 Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast cancer patients. 

Selection of patients for Herceptin 0 (Trastuzumab) mono- 
clonal antibody therapy, however, is based upon demonstra- 
tion of HER-2/neu protein overexpression using HercepTest™. 
Studies using Herceptin 0 in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looking at response 
to Herceptin 0 in patients with or without gene amplification 
status determined by FISH are in progress. 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpression with gene amplification. The clini- 
cal significance of such results is unclear. Based on the above 
considerations, HER-2/neu testing at SHMC/PAML will uti- 
lize immunohistochemistry (HercepTest 0 ) as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 
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CPT code information 

HER-2/neu via IHC 

88342 (including interpretive report) 

HER-2/neu via FISH 

8827 1 *2 Molecular cytogenetics, DNA probe, each 
88274 Molecular cytogenetics, interphase in situ hybrid- 
ization, analyze 25-99 cells 
8829 1 Cytogenetics and molecular cytogenetics, interpre- 
tation and report 



Procedural Information 

lmmunohistochemistry is performed using the FDA-approved 
DAKO antibody kit, Herceptest©. The DAKO kit contains 
reagents required to complete a two-step immunohisto- 
chemical staining procedure for.routinely processed, paraffin- 
embedded specimens. Following incubation with the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based visualization reagent. This re- 
agent consists of both secondary goat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymer backbone, thus eliminating the need 
for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion ©f the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site. The specimen is then coun- 
terstained; a pathologist using light-microscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-approved PathVysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the tissue section. The Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 17, spectrum orange) present at 
the chromosome 17 centromere and the second for the HER- 
2/neu oncogene located at 17ql 1.2-12 (spectrum green). Enu- 
meration of the probes allows a ratio of the number of copies 
of chromosome 17 to the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER-2/neu gene amplification. The clinically 
relevant distinction is whether the gene amplification is due 
to increased gene copy number on the two chromosome 17 
homologues normally present or an increase in the number of 
chromosome 17s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data will be 
performed and reported from the Vysis-certified Cytogenet- 
ics laboratory at SHMC. 
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Genetic Instability in Epithelial 
Tissues at Risk for Cancer 

WALTER N. HTITBLMAN 

Department of Experimental Therapeutics, The University of Texas 
M. D. Anderson Cancer Center. Houston, Texas 77030, USA 

Abstract: Epithelial tumors develop through a multlstep process driven by 
genomic instability frequently associated with etioiogic agents such as pro- 
longed tobacco smoke exposure or human papilloma virus (HPV) infection. 
The purpose of the studies reported here was to examine the nature of genomic 
instability in epithelial tissues at cancer risk in order to identify tissue genetic 
biomarkers that might be used to assess an individual's cancer risk and 
response to chemopreventlve Intervention. As part of several chemoprevention 
trials, biopsies were obtained from risk tissues (Le^ bronchial biopsies from 
chronic smokers, oral or laryngeal biopsies from individuals with premalig- 
nancy) and examined for chromosome instability using in situ hybridization. 
Nearly all biopsy specimens show evidence for chromosome instability 
throughout trie exposed tissue, increased chromosome instability was observed 
with histologic progression In the normal to tumor transition of head and neck 
squamous cell carcinomas. Chromosome instability was also seen in premallg- 
nant head and neck lesions, and high levels were associated with subsequent 
tumor development In bronchial biopsies of current smokers, the level of 
ongoing chromosome instability correlated with .smoking intensity (e.g^ 
packs/day), whereas the chromosome index (average number of chromosome 
copies per cell) correlated with cumulative tobacco exposure (i.e., pack-years). 
Spatial chromosome analyses of the epithelium demonstrated multifocal clonal 
outgrowths. In former smokers, random chromosome instability was reduced; 
however, clonal populations appeared to persist for many years, perhaps 
accounting for continued lung cancer risk following smoking cessation. 

Keywords: chromosome instability; epithelial cells; aerodigestive tract; 
chemoprevention; cancer risk 



THE NEED FOR BIOMARKERS OF CANCER RISK AND 
RESPONSE TO INTERVENTION 

Epithelial cancers remain a major health challenge in the world. Despite improve- 
ments in staging and the-appfoation and integratio 

chemotherapy, tbe 5-year survival rate for individuals with lung cancer is only about 
15%.' Even if strategies for early detection are successful and lung cancers 
are detected at a stage where local tumor resection and treatment is curative, 
these patients will still be at significant risk for developing second primary tumors 

Address for correspondence: Dr. Walter N. Hittelman, Department of Experimental Thera- 
peutics, The University of Texas M. D. Anderson Cancer Center, 1515 Holcombe Blvd. (Box 
19), Houston. Texas 77030. Voice: 713-792-2961; fax: 713-792-3754. 

wnjnemi@mdanderson.org 



1 



2 . ANNALS NEW YORK ACADEMY OF SCIENCES 

associated with the problem of field cancerization. 2 Similarly, for individuals with a 
first head and neck primary tumor, even if the first malignancy is successfully treat- 
ed, the risk of developing a second primary in the tobacco smoke-exposed field is 
approximately 40%. 3 Similar cancer risk estimates exist for individuals who exhibit 
severe dysplasia in premalignant epithelial lesions. 4 For these reasons, it is important 
to focus on chemopreventive strategies to prevent the development of epithelial 
malignancies. 

Several problems confront chemoprevention trials designed to identify effica- 
cious agents. 5 First, chemoprevention trials with cancer incidence as a primary end- 
point require tens of thousands of subjects and tens of years of intervention and 
follow-up for statistical evaluation. For example, a recently reported trial involved 
30,000 subjects and required 10 years in order to examine the impact of prevention 
strategies on lung cancer development, only to find a possible increased lung cancer 
incidence in current smokers who received pVcarotene. 6 

The problem of large, long-term trials results from the difficulty in identifying 
individuals at highest cancer risk who might best benefit from chemopreventive 
intervention. For example, 20 pack-year smokers, while known to be at relatively 
increased risk for developing lung cancer, have approximately a 10% lifetime risk 
for developing lung cancer. This seriously limits the number of potentially useful 
strateg i es tha t ran h e clin i ca lly e xp lo re d. A second pr oblem f ar.ing-chemopreve nt i on . 
trials is that little is known about what agents are likely to have efficacy, and even 
less is known regarding proper doses, schedules, and durations of treatment Part of 
the reason for this problem is that too little is known about the physiologic processes 
that drive epithelial cancer development 

In order to reduce the number of subjects and the time required to carry out 
chemoprevention trials and thus allow the exploration of multiple prevention strate- 
gies, two types of advances are necessary. First, it is important to identify individuals 
at significantly increased cancer risk who might best benefit from different types of 
intervention. Second, in order to allow the rapid identification of agents, doses, and 
schedules of potentially efficacious agents, it is necessary to identify and validate 
surrogate endpoints of response mat indicate whether the agents are having a posi- 
tive impact on the target tissue during the chemopreventive intervention. 

One approach to identifying individuals at increased aerodigestive tract cancer 
risk is to explore epidemiologic features of potential subjects. Molecular epidemio- 
logic studies are beginning to identify intrinsic host factors that place some individ- 
uals at increased cancer risk, especially those with a chronic smoking history. 8 Most 
intrinsic factors identified thus far reflect levels of carcinogen metabolism, repair 
capabilities of the host following DNA damage, and other measures of intrinsic 
"cellular sensitivityto mutagens. Whilethese factors can provide statistically «gnif- 
. icant risk ratios in case-control studies that are controlled for tobacco exposure, the 
detected risk ratios usually fall in the range of 1.S to 10. Unfortunately, this is not 
sufficient for the individualization of treatment and is not sufficiendy high to signif- 
icantly reduce the numbers of subjects required for chemoprevention trials with 
cancer incidence as the primary endpoint. 

Another approach to identifying individuals at increased cancer risk is to directly 
examine the target tissue of individuals with known carcinogen exposure (e.g., 
chronic tobacco smoke exposure), who have evidence of target organ dysfunction 
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(e.g., chronic obstructive pulmonary disease, changes in voice quality), or who 
have clinical evidence of premalignancy (e.g., bronchial metaplasia/dysplasia, oral 
leukoplaba/erythroplakia, cervical intraepithelial neoplasia). The conventional 
standard for assessing cancer risk in these situations is the degree of histological 
change. However, while individuals who show moderate to severe dysplasia are 
known to be at increased cancer risk when compared to individuals with lesser his- 
tologic changes, it is often difficult to distinguish reactive changes to carcinogenic 
insult from initiated and progressing lesions. Similarly, upon cessation of carcino- 
genic insult, histologic changes may reverse yet cancer risk may continue for many 
years. For example, while smoking cessation is associated with decreased bronchial 
metaplasia; 9 increased lung cancer risk continues for many years beyond smoking 
cessation. 10 In fact, nearly half the newly diagnosed lung cancer cases in the USA 
occur in former smokers. 1 

The development of assays to identify individuals at high epithelial cancer risk 
and to directly assess response to intervention in the target tissue is therefore an 
important research goal. Such assays should be objective and easily quantifiable and, 
if possible, minimally invasive. Moreover, they should reflect both the disease pro- 
cess and the targeted pathway and thereby be useful in assessing risk and monitoring 
response to intervention as well as directly testing the hypothesized mechanism of 
-acfon-of-the-chemoprevcative strate gy- 

In the chemoprevention setting it is important to recognize that one does not 
know the location of the future cancer. Thus, assays must necessarily be carried out 
on random biopsies of the field at risk. Even if there are clinically evident premalig- 
nant lesions, this does not mean that this is the likely site for a future malignancy. 
For example, nearly half of the cancers that develop in individuals with oral leuko- 
plakia arise away from the original index lesion. Similarly, since many newly diag- 
nosed lung cancers arise in the peripheral parts of the lung (e.g., adenocarcinomas), 
especially in former smokers, and since endobronchoscopy predominantly accesses 
central components of the lung, it is important to identify biomarkers that can reflect 
global processes ongoing in the target epithelial field associated with increased can- 
cer risk. Their discovery requires a better understanding of the tumorigenesis pro- 
cess in epithelial fields at cancer risk. 



THE RATIONALE FOR STUDYING 
GENOMIC INSTABILITY AS A MARKER OF RISK 

Tumors of the aerodigestiw tract have been proposed toleflecuf "field canceriza^ 
tion" process whereby the whole tissue is exposed to carcinogenic insult (e.g., tob- 
acco smoke) and is at increased risk for multistep tumor development, 121 ' 3 Several 
types of clinical and laboratory data support this notion, including the frequent 
occurrence of synchronous primary and subsequent second primary tumors in the 
aerodigestive tract (frequently exhibiting dissimilar histologies as well as distinct 
genetic signatures 14 " 16 ) and the presence of premalignant lesions that precede and/or 
accompany the tumor in the exposed tissue field. 17 The notion of a multistep tumor- 
igenesis process is further supported by serial clinical and histologic evaluations of 
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target tissue Or exfoliated cells where increasing degrees of histological abnormali- 
ties are observed over time. 18 

A working model for aerodigestive tract tumorigenesis is illustrated in Figure 1. 
Tumorigenesis in the face of carcinogenic exposure likely involves a chronic process 
of tissue injury and wound healing. DNA damage induced by the carcinogen is likely 
fixed into permanent genetic changes (e.g., chromosome damage, chromosome non- 
disjunction, gene mutation, gene deletion, etc.) during the process of proliferation. 
This damage would be expected to be distributed throughout the exposed tissue field 
leading to a background of generalized genomic damage (depicted in Figurb 1 as a 
background mat of increasing density). Chronic injury and repair likely leads to the 
accumulation of cells with increasing amounts of genetic changes as well as the out- 
growth of abnormal clones (triangles in Figure 1) carrying an accumulation of 
genetic changes important for selective survival, dysregulated growth, and preferen- 
tial epithelial take-over by initiated clones (see Figure 2). 

Cellular and molecular evidence for the field carcinogenesis and muhistep tum- 
origenesis model comes from many laboratories. 15,20 With the advent of a wide array 
of molecular technologies, a large number of specific molecular genetic and epige- 
netic changes involving specific oncogenes, tumor suppressor genes, cell regulatory 
genes, and repair genes have now been described for aerodigestive tract cancers. The 
■i de n t ifi c ati on of these specific molecular chan ges have now provided probes to 
explore specific events occurring in premalignant lesions adjacent to aerodigestive 
tract tumors. 21-24 Frequently, these premalignant lesions showed a subset of the 
same molecular changes found in the associated tumor, suggesting that these lesions 
might represent precursor lesions for the associated tumors (i.e., a manifestation of 
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FIGURE 1. Field cancerization and multistep tumorigenesis. 
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FIGURE 2. Multiple focal clonal evolution during multistep tumorigenesis. 



a multistep tumorigenesis process). For example, studies of the premab'gnant lesions 
adjacent to head and neck tumors have provided evidence for a gradual accumulation 
of genetic alterations accompanied by evidence for dystegulation of cellular control 
mechanisms (e.g., alterations in expression of PCNA, EGFR, TGF-p\ p53, and 
cyclin Dl). 25 " 28 

These types of studies have now also been applied to the target epithelium of indi- 
viduals at increased risk for aerodigestive tract cancer (i.e., individuals with a chron- 
ic smoking/alcohol history and/or prior aerodigestive tract cancer). Several groups 
(using polymerase chain reaction, PCR, analysis of rnicrodissected epithelium) have 
now demonstrated the presence of clonal outgrowths in the target premalignant epi- 
' theliura of individuals at increased risk for cancer. 2 ? -3 ' For example, examination of 
bronchial biopsies derived from individuals with a 20 pack-year smoking history 
demonstrated that 76% of the cases showed evidence for LOH (3pl4, 9p21, or 
17pl3) in at least one of six lung biopsy sites. On a per site basis, some form of LOH 
was observed in 25% of the sites examined. 29 

•If aerodigestive tract cancer development reflects a field cancerization process 
involving multistep events7ffienrisk"ind response informaWiTshould beableWbe 
derived from random biopsies or exfoliated cells from the field at risk or from assess- 
ments of tissue undergoing similar processes. Hypothetically, lesions exhibiting the 
greatest degree of genomic instability, clonal outgrowth, and abnormal epithelial 
regulation would be at the highest relative aerodigestive tract cancer risk. Similarly, 
an active chemopreventive intervention might be expected to decrease these mani- 
festations of risk. Reduced risk manifestations include decreased levels of ongoing 
genetic instability, decreased frequency of clonal outgrowths, and increased epithe- 
lial growth regulation. 



6 ANNALS NEW YORK ACADEMY OF SCIENCES 

the measurement of chromosome instability using 
Chromosome in situ hybridization 

Modular genetic techniques, while extremely useful for detecting clonal chang- 
es in targets tissues, are somewhat limited in their ability to detect random genetic 
instability. Conventional cytogenetic assays are useful for detecting chromosome 
instability and clonal chromosome changes. However, they require numbers of 
dividing cells for karyotypic analysis that, are difficult to attain in the setting of biop- 
sies acquired during the course of a chemoprevention trial. A technique was there- 
fore needed that would allow chromosome instability measurements in situations 
where few cells are available (e.g. small biopsies, brushings, or sputum samples) and 
where the target material might be fixed. It was also desirable to have a technique 
that would be adaptable to tissue sections, whereby spatial information could be 
retained and genotype/phenotype associations could be determined on the same or 
adjacent tissue sections. The technique of in situ hybridization (ISH) involves the 
use of DMA probes that recognize either chromosome-specific repetitive target 
sequences, chromosome single gene copy sequences, or sequences along the whole 
chromosome length or chromosome segments. 32 We have adapted the ISH technique 
for formalin-fixed, paraffin-embedded tissue sections and have applied it to a variety 
of tissues, including the aerodigestive tract. 33 -** 

Using probes that label the centromere regions of specific chromosomes, this 
assay permits determination Of the average chromosome number per cell for each 
specimen. This assay is also useful for detecting generalized chromosome instability 
during the tiimorigenesis process. Normal diploid populations should have two cop- 
ies of each autosomal chromosome and should rarely show three or more chromo- 
some copies per cell (chromosome polysomy), especially in tissue sections where 
nuclear truncation results in an under-representation of chromosome copy number. 
Thus, the detection of cells with three or more chromosome copies would indicate 
the presence of chromosome instability. 

To examine this technique's potential for characterizing the multistep tiimorigen- 
esis process in the aerodigestive tract, we measured the fraction of cells exhibiting 
three or more chromosome copies in apparently contiguous epithelial transitions 
from normal to hyperplastic to dysplastic to carcinomas, all on a single tissue slice 
of head and neck squamous cell carcinomas. 34 In these specimens, greater than 35% 
of the cases of adjacent "normal" epithelium, greater than 65% of the cases of hyper- 
plastic epithelium, and greater than 95% of the dysplastic and tumor regions showed 
evidence of chromosome polysomy. Of interest, similar transitions of chromosome 
instability were observed with at least four different chromosome probes. Similar 
tren ds have also been observed in amenabl e tissue from other epithelial mali gnan- 
cies, including cervix, bladder, and breast 35 These results thus suggested that the 
notions of field cancerization and multistep tiimorigenesis might apply to several 
epithelial tissues and that measures of chromosome instability might be useful for 
monitoring this process. 

In the situations described above, the premalignant lesions examined might be 
considered to represent epitheiium at 100% risk of being in a cancer field, since they 
were located in the adjacent epithelium to the cancer. This then raises the question 
of the nature of genetic instability in the epithelium of individuals at increased risk 
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for developing cancer. To explore this issue, we obtained biopsies daring the course 
of leukoplakia chemoprevention trials exploring the use of 13-cfc-retinoic acid in 
reversing leukoplakia and probed them for genetic instability using in situ hybridiza- 
tion. In one retrospective study and in one prospective study of subjects with oral' 
leukoplakia, the results indicate that those subjects whose pretreatment biopsies har- 
bor relatively high levels of genomic instability (i.e., more than 3% of the cells 
examined showing at least 3 chromosome 9 copies per cell) have a significantly 
higher likelihood of suffering early onset of head and neck cancer. 36,37 Interestingly, 
half of the tumors that did develop occurred away from the biopsy site used to mea- 
sure genetic instability. This result suggests that genomic instability measurements 
in carcinogen-exposed tissue can provide useful cancer risk estimates. 



THE RELATIONSHIP BETWEEN TOBACCO EXPOSURE AND 
CHROMOSOME INSTABILITY 

In recent years, the aerodigestive tract chemoprevention group at M.D. Anderson 
Cancer Center has initiated three sequential biomarker-associated chemoprevention 
trials involving chronic smokers with a greater than 20 pack-year smoking history. 
JrvcaGH^f^he£&^Uidies r endobronchialbiopsie£Avere^bto 
within the lung, including the carina and at bifurcation points at the upper, middle, 
and lower right lung and at the upper and lower left lung. Biopsies were obtained pri- 
or to and following chemopreventive intervention and were subjected to hi situ 
hybridization analysis in addition to analyses for other biomarkers. The first impor- 
tant finding was that some degree of chromosome polysomy was evident in all lung 
sites examined, and this was observed independently of the particular chromosome 
probe utilized. 38 This finding supports the notion that random chromosome changes 
may be occurring throughout the exposed lung field. 

In a second study, bronchial biopsies were obtained from individuals with a 20 
pack-year smoking history. In this study, most of the subjects involved were current 
smokers. 39 Interestingly, all cases who showed metaplasia at one of six biopsy sites 
also showed chromosome polysomy in at least one biopsy site; overall, 88% of the 
sites showed some evidence of chromosome 9 polysomy. 40 Evidence for genetic 
instability was also detected in patients who did not show evidence of bronchial 
metaplasia in any of six biopsy sites despite a strong smoking history. In fact, more 
than 90% of the cases and more than 60% of the sites showed significant chromo- 
some polysomy (i.e., at least three copies in at least 2 % of the cells examined). 
These results suggest that the lungs of long-term smokers show significant evidence 
of g enetic instabili ty, and this instability can be detected throughout the accessible 
bronchial tree, even when bronchial metaplasia is not evident. . 

These studies in current smokers has allowed us to examine the relationship 
between the levels of genetic instability detected and subject characteristics such as 
smoking status (current or former), smoking history, and lung tissue pathologic 
changes. Evaluable biopsy material has now been obtained from more than 108 cur- 
rent smokers, including more than 480 evaluable biopsy sites. The mean metaplasia 
index in these current smokers was 30.4%. For the total population studied, the 
median chromosome index for the bronchial biopsies was 1.41 (range, 1.04-1.61) 
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and the median chromosome polysomy index was 2.0% (range 0-8.7%). This can be 
compared to a mean chromosome index between 1.2-1.4 for lymphocytes and very 
fare chromosome polysomy. Interestingly, the intrasubject variability in chromo- 
some instability was relatively low in most subjects and was less than the intersub- 
ject variability. These results suggested that chronic smokers harbor detectable 
chromosome instability throughout the accessible bronchial tree (supporting the 
• field carcinogenesis notion) and that information from one biopsy site might yield 
representative information for the rest of the lung field. 

Since most of the current smokers exhibited bronchial metaplasia in at least one 
of the biopsied sites, this allowed us to examine the relationship between chromo- 
some instability and histologic changes, both on a site-by-site basis and on a per case 
basis. On a site-by-site basis, the chromosome indices of lesions showing squamous 
metaplasia were similar to those not showing metaplasia (i.e., median 1.43 vs. 1.43), 
arid the degree of chromosome polysomy in metaplastic lesions were only slightly 
higher than in non-metaplastic sites (medians: 2.2% vs. 1.8%, respectively). Thus, 
me presence or absence of squamous metaplasia at a biopsy site does not necessarily 
correlate with the degree of underlying genomic instability. On the other hand, those 
subjects with metaplasia indices of at least 15% also showed higher levels of chro- 
mosome polysomy than did subjects with metaplasia index below 15% (medians: 
2.4% VS. 1.8%. P = 0.005V Thus, these chromoso m e instability assessments in car- 
rent smokers appeared to reflect a more global process in the lung field. 

Tbbacco exposure has been shown to significantly increase the risk of developing 
lung cancer, and the degree of risk is related to the extent of tobacco exposure. We 
were interested in determining the relationship between individuals' smoking histo- 
ry parameters and the levels of chromosome change found in their lungs following 
years of tobacco exposure. While there was significant intersubject variation for sim- 
ilar tobacco exposure histories, overall there was a significant correlation between 
the degree of chromosome polysomy and the intensity of ongoing tobacco exposure 
(packs/day, p = 0.02 on a per site basis) and with the extent of tbbacco exposure 
(pack-years, p = 0.003). Thus the amount of chromosome polysomy reflects the 
intensity and extent of tobacco exposure. At the same time, individuals with similar 
smoking histories showed widely divergent amounts of chromosome polysomy, pos- 
sibly reflecting differences in intrinsic sensitivity between subjects. There was. also 
strong correlation between the chromosome index and the duration of the smoking 
history (smoking years) and total accumulated exposure (pack-years, p = 0.0001). 
These results suggest that tobacco exposure is associated with the initiation and 
accumulation of chromosome instability in the exposed lung; however individuals 
are differentially sensitive to carcinogenic insult The working hypothesis is that 
those individuals who accumulate the hi g hest d egree of chromosome changes will 
be at the highest lung cancer risk. 

Many of the bronchial biopsies from chronic smokers examined by in situ hybrid- 
ization showed a rise in the chromosome index above that expected for a diploid cell 
population, especially in subjects with an extensive smoking history. The rise in 
chromosome index was also accompanied by an increase in the fraction of cells 
exhibiting at least 3 chromosome copies per cell. To determine if a rise in the tissue 
chromosome index was due to clonal expansion of populations with chromosome tri- 
somy, the chromosome copy number and relative coordinates of each cell scored in 
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the bronchial epithelium was recorded and a spatial genetic map was created. 41 We 
then developed algorithms for calculating localized chromosome indices within the 
tissue. Since trisomic clones would have, on average, three chromosomes instead of 
. two, those cells involved in neighborhoods with chromosome indices three-halves 
that of diploid populations could be marked as being part of a trisomic clone. Siroi- 
. larly, groups of cells with chromosome indices half that of diploid populations could 
be marked as being part of a monosomic clone. This allowed the generation of a sec- 
ond-order, two-dimensional genetic map representation of the bronchial epithelium 
showing the relative locations of cells involved in monosomic and trisomic clonal 
outgrowths. When adjacent tissue sections from the same bronchial biopsy were 
probed separately for different chromosomes, the detected clones appeared to occu- 
py separate subregions of the epithelium. This result suggests that not only are the 
lungs of chronic smokers undergoing a process of genetic instability, they are expe- 
riencing the outgrowth of multiple clones throughout (he exposed lung field, as pos- 
tulated by the models shown in Figures 1 and 2. One advantage of this clonal 
approach is that the contribution of both monosomic and multisomic clones can be 
detected. 

Since smoking cessation has been suggested to reduce the lung cancer risk, it was 
of interest to determine whether the levels of chromosome instability would decrease 
following smoking cessation. This question was possible to examine because our 
third sequential cheihoprevention trial- involved subjects who had discontinued 
smoking. So far, more than 220 subjects (more than 650 biopsies) who have quit 
smoking (mean 9.9 quit-years) have been evaluated for chromosome instability in 
their lungs. Despite the fact that the mean metaplasia index in this group is 5.8% 
(considerably less than that in current smokers), chromosome instability is still 
observed in the majority of subjects. 42 While the mean chromosome polysomy level 
is reduced to 1.0%, some individuals continue to show polysomy levels above 5%. 
Interestingly, while the overall chromosome polysomy levels were reduced in these 
individuals who stopped smoking, the mean chromosome index remained at about 
1.4 with some individuals exhibiting chromosome indices as high as 1.8. Initial chro- 
mosome mapping studies suggest that while random chromosome instability seems 
to decrease following smoking cessation, the clonal outgrowths may remain for 
many years in the lung. The working hypothesis is that those individuals who show 
the greatest degree of remaining chromosome instability are at the highest lung can- 
cer risk despite smoking cessation. Long-term follow-up on these subjects will be 
necessary to test this hypothesis. 



SUMMARY AND CONCLUSIONS 

Aerodigestive tract tumorigenesis appears to be a multistep process taking place 
throughout the tissue fields of exposure. When viewed in the context of chromosome 
changes, carcinogen exposure appears to be associated with the random acquisition 
of chromosome polysomy throughout the exposed field, the degree of which is relat- 
ed to the degree and extent of carcinogen exposure as well as to the instrinsic suscep- 
tibility of the exposed individual. Continued exposure leads to continued acquisition 
of new changes and, in association with chronic wound-healing processes, to the 
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accumulation of clonal outgrowths throughout the target tissue. Although the ulti- 
mate malignancy may occur in only one or few tissue sites, manifestations of the 
instability process that drives tumorigenesis is globally present in the tissue. Thus 
randomi biopsies may provide useful risk information for the exposed field as a 
Whole. Even when carcinogen exposure is reduced or chemopreventive strategies are 
initiated and histologic manifestations of the tumorigenesis process subside, the 
genetic scars of prior exposure remahThTthe form of clonal outgrowths and may 
explain continued lung cancer risk in ex-smokers. Future chemoprevention strategies 
need to focus on reducing the degree of chromosome instability and on trying to 
eliminate residual abnormal clonal outgrowths in the aerodigestive tract In this set- 
ting, the measurement of chromosome instability in the target tissue will be useful in 
assessing cancer risk as well as response to intervention. 



The studies reviewed here represent one component of the collaborative efforts 
of the Aerodigestive Tract Chemoprevention team at The University of Texas M.D. 
Anderson Cancer Center, Houston, Texas. The studies were supported in part by 
^tienaHristitutesto^HeaJtlrifet^ 

CA79437.CA 1 6672, CA 68089, CN 25433, CA 86390, CA 70907, NIHDE 13157, 
and the State of Texas Tobacco Research Fund. 



1. Landis, S.H , T. Murray, S. Boldbn & P.A. Wwoo. 1998. Cancer statistics, 1998. 

CA Cancer J. Clin. 48: 6-29. 

2. Johnson, B.E. 1998. Second long cancers in patients after treatment for an initial lung 

cancer. J Natl. Cancer Inst 90: 1335-1345. 

3. Lippman, S.M & W.K. Hono. 1989. Second malignant tumors in head and neck squa- 

mous cell carcinoma: The overshadowing threat for patients with early stage of dis- 
ease. Int J. Radiat Oncol. Biol. Phys. 17: 691-694. 

4. Silverman, S.J., Jr., M. Gorsky & F. Lozada. 1984. Oral leukoplakia and malignant 

transformation: a follow-up study of 257 patients. Cancer 53: 563-568. 

5. LlPPMAN, S.M., J.S. Lee, R. Lotan, et al. 1990. Biomarkers as intermediate endpoints 

in chemoprevention trials. J. Natl. Cancer Inst 82: 555-560. 

6. Hhnonen, O.P., D. Albanes & The Alpha-tocophbrol, Beta Carotene Cancer 

Prevention Study Grout. 1994. The effect of vitamin E and beta carotene on the 
incidence of lung cancer and other cancera in male sraokererN. Enel. J. Medr330: 
1029-1035. 

7. Pbto, R, S. Darby, H. Deo, et al 2000. Smoking, smoking cessation, and lung cancer 

in the UK since 1950: combination of national statistics with two case-control stud- 
ies. Brit Med. J. 321: 323-329. 

8. Perera, P.P. 1996 Molecular epidemiology: insights into cancer susceptibility, risk 

assessment, and prevention. J. Natl. Cancer Inst 88: 496-509. 

9. Leh, J.S., S.M. Lippman, S.E. Benner, et al. 1994. Randomized placebo-controlled 

trial of isotretinoin in chemoprevention of bronchia] squamous metaplasia. J. Clin. 
Oncol. 12: 937-941. 



ACKNOWLEDGMENTS 



REFERENCES 



HITTELMAN: GENETIC INSTABILITY IN TISSUES AT RISK FOR CANCER 11 

10. U.S. Department of Health and Human Sbrvicbs. 1990. The health benefits of 

smoking cessation: a report of the Surgeon General. U.S. Department of Health and 
Human Services, Public Health Service, Centers for Disease Control, Center for 
Chronic Disease Prevention and Health Promotion, Office on Smoking and Health. 
DHHS Pub. No. (CDC) 90-8416. 

1 1 . Tono, L., MR. Spitz, J J. Faeger, et al. 1996. Lung cancer in former smokers. Cancer 

78: 1004-1010. 

12. Slaughter, D.P., H.W. Southwick & W. Smejkal. 1953. Field cancerization in oral 

stratified squamous epithelium: clinical implications'of multicentric origin. Cancer 
. 6: 963-968. 

13. Farber, E. 1984. The multistep nature of cancer development. Cancer Res. 44: 4217- 

4223. 

14. Chung, K.Y., T. Mukhopadhyay, J. Kim, et al. 1993. Discordant p53 gene mutations 

in primary head and neck cancers and corresponding second primary cancers of the 
upper aerodigestive tract. Cancer Res. S3: 1676-1683. 

15. Scholes, A.G.M., J.A. Woolgar, M.A. Boyle, et al. 1998. Synchronous oral carcino- 

mas: independent or common clonal origin? Cancer Res. 58: 2003-2006. 

16. Gluckman, J.O., J.D. Crissman & J.O. Doneoan. 1980. Multicentric, squamous cell 

carcinoma of the upper aerodigestive tract. Head Neck Surg. 3: 90-96. 

17. Auerbach, O., A.P. Stout, B.C. Hammond, et al. 1961. Changes in bronchial epithe- 

lium in relation to cigarette smoking and in relation to lung cancer. N. Engl. J. Med. 
265:253-267. 

18. Saccomanno, G., V.E.. Archer, 6. Auerbach, et al. 1974. Development of carcinoma 
o£theiung-asjeflected-in exfoliated cel ls. Cmm 33: 7Sfi-37fl , 

19. Izzo, J.G. & W.N. HtTTELMAN. 1999. Characterization of multistep tumorigenesis by 

in situ hybridization. In Introduction to Fluorescence In Situ Hybridization: Princi- 
ples and Clinical Applications. M. Andreeff & D. Pinkel, Eds.: .173-208. John Wiley 
& Sons, Inc. New York. 

20. Hittblman, W.N. 1999. Molecular cytogenetic evidence for multistep tumorigenesis: 

implications for risk assessment and early detection. In Molecular Pathology of Can- 
cer. S. Srivastava, D.E. Hensen & A. Gazdar, Eds.: 385-404. IOS Press. Amsterdam, 
The Netherlands. 

21. Sundarbsan, V., P. Ganly, R. Hasleton, et al. 1992. p53 and chromosome 3 abnor- 

malities, characteristic of malignant lung tumours, are detectable in preinvasive 
lesions of the bronchus. Oncogene 7: 1989-1997. 

22. KlSHlMOTO, Y., K. Suoto, J.Y. Hung, et at 1995. Allele-specific loss in chromosome 

9p loci in preneoplastic lesions accompanying non-small-cell lung cancers. J. Natl. 
Cancer Inst 87: 1224-1229. 

23. Caufano, J., P. van der Riet, W. Westra, etal. 1996. Genetic progression model for 

head and neck cancer implications for field cancerization. Cancer Res. 56: 2488- 
2492. 

24. Park I.W., I.I. Wistuba, A. Mattra, et al. 1999. Multiple clonal abnormalities in the 

bronchial epithelium of patients with lung cancer. J. Natl. Cancer Inst. 91: 1863— 
1868. 

25. Shin, D.M., N. Voravud, J.Y. Ro, et al. 1994. Sequential increases in proliferating 

cell nuclear antigen expression in head and neck tumorigenesis: a potential biomar- 
ker..J.Naa.jCancer.Iiist..85:971^978^__ : : 

26. Shin, D.M., J.Y. Ro, W.K. Hong, etal. 1994. Dysregulation of epidermal growth fac- 

tor receptor expression in premalignant lesions during head and neck tumorigenesis. 
Cancer Res. 54: 3153-3 159. 

27. Shin, DM., J. Kim, J.Y. Ro, et al. 1994. Activation of p53 gene expression in prema- 

lignant lesions during head and neck tumorigenesis. Cancer Res. 54: 321-326. 

28. Izzo, J.G., V.A. Papadimitrakopoulou, X.Q. Li, et al. 1998. Dysregulated cyclin Dl 

expression early in head and neck tumorigenesis:' in vivo evidence for an association 
with subsequent gene amplification. Oncogene 17: 2313-2322. 

29. Mao, L., J.S. Lee, J.M. KURIB, etal. 1997. Clonal genetic alterations in the lungs of 

current and former smokers. J. Natl. Cancer Inst 89: 857-862. . 



12 ANNALS NEW YORK ACADEMY OF SCIENCES 



30. Wistuba, IX, S. Lam, G. Bbhrens, tt al. 1997. Molecular damage in the bronchial 

epithelium of current and former smokers. J. Natl. Cancer Inst 89: 1366-1373. 

31. MAp, L., J.S. Leb, Y.H. Fan, tt al. 1996. Frequent microsateilite alteration's at chro- 

mosomes 9p21 and 3pI4 in oral premalignant lesions and their value in cancer risk 
assessment Nature Med. 2: 682-685. 

32. Poddiohe, PJ., F.C Ramaekbrs & A.H. Hopman. 1992. Interphase cytogenetics of 

tumours.. J. Pathol. 166: 215-224. 

33. Kim, S.Y., J.S. Leb, J.Y. Ro, tt al. 1993. Interphase cytogenetics in paraffin sections 

of lung tumors by non-isotopic in situ hybridization. Mapping genotype/phenotype 
heterogeneity. Am. J. Pathol. 142: 307-317.. 

34. Voravud, N., D.M. Shin, J.Y. Ro, tt al. 1993. Increased polysomies of chromosomes 

7 and 17 during Head and neck multistage himorigenesis. Cancer Res. 53: 2874- 
2883. 

35. Hittelman, WJ<, 1999. Genetic instability assessments in the lung cancerization 

field. In Lung Tumors: Fundamental Biology and Clinical Management. C. Bram- 
billa & E. Brambilla, Eds.: 255-267. Marcel Dekker. New York. 

36. Leb, J.S., S.Y. Kim, W.K. Hong; tt al. 1993. Detection of chromosomal polysomy in 

oral leukoplakia, a premalignant lesion. J. Natl. Cancer Inst. 85: 1951-1954. 

37. Lbb, JJ., W.K. Hong, W.N., Hittelman, et al. 2000. Predicting cancer development 

in oral leukoplakia: ten years of translational research. Clin. Cancer Res. 6: 1702- 
1710. 

38. Hittelman W.N., R. Yu, J. Kurib, « al. 1997. Evidence for genomic instability and 

clonal outgrowth in the bronchial epithelium of smokers [abstract]. Proc. Am. Assoc. 
Cancer Res. 38:3097. 

39r-RuRiB, J.M., J.S. LEBrF^tr-RMBMr-<r-a/r4^4^ydroxyphenyf)retinamide-in-<fie — 
chemoprevention of squamous metaplasia and dysplasia of the bronchial epithelium. 
2000. Clin. Cancer Res. 6: 2973-2979. 

40. Hittelman, W.N., J.S. Leb, R.C Moricb, et al. 1999. Lack of biomarker modulation 
in bronchial biopsies of chronic smokers following treatment with N-(4-hydroxyphe- 
nyl)retinamide (4-HPR). Proc. Am. Assoc. Cancer Res. 40: 2837. 

4L Hittelman, W.N., J.S. Leb, N. Chbono, tt al. 1991. The chromosome view of "field 
cancerization'' and multistep carcinogenesis. Implications for chemopreventive 
approaches. In Chemoimmunoprevention of Cancer. V. Pastorino & W.K. Hong, 
Eds.: 41-47. Georg Thieme Verlag. Stuttgart, Germany. . 

42. Hittelman, WK, J J. Lee, J.S. Lbb, tt al. 1998. Persistent genetic instability despite 
decreased proliferation in human lung- tissue following smoking cessation. Proc. 
AACR39:336. 



VW. 5, 631-637. August 1996 



Epidemiology, Btomarkers & Prevention 631 



ylvhaeter 

«rch: The 
t France. 

i Helico- 
<• Imesi., 

fHW/ro- 
oentcrol- 



| Detection of Trisomy 7 in Nonmalignant Bronchial Epithelium from 
Lung Cancer Patients and Individuals at Risk for Lung Cancer 1 



aation of 
sions in 

. Mugge, 
cr pylori 
I. Cancer 

». M. J. 
-J. Nati. 

/ang. 
n China: 
I. Infect 

jtrachan, 
f r pylori 

.Pedicy. 
age and 

*<fi and 
ami sex. 

u D. Y., 
ictor tor 
I3-J506, 

tori, D., 
ni, J. F„ 
f Italy at 
37-40, 

ners, C, 
rr pylori 
eas with 
?rev.. /.• 

iff, I. M. 
tis. Dig. 

, J., and 
nocanri- 

sscn, S.. 
tibodies 
. Cancer 



Richard E. Crowell, Frank D. GiUiland, 
R, Thomas Temes, Heidi J. Harms, Robin E. Neft, 
Evelyn Heaphy, Dennis H. Auckley, Lida A. Crooks, 
Scott W. Jordan, Jonathan M. Samet, John F. Lechner, 
and Steven A. Belinsky 2 

Departments of Medicine |R. P- C, E. H., D. H. A.J, Surgery [R. T. TJ, and 
Pathology [L, A. C, S. W. J.J, Albuquerque Veterans Administration Medical 
Center and the University of New Mexico Health Sciences Center, 
Albuquerque, New Mexico 87131; Inhalation Toxicology Research Institute, 
Albuquerque, New Mexico 871 15 [H. I. H.. R. E. N.. J. F. L.. S. A. B.J; 
Department of Epidemiology and Cancer Control Program, University of New 
Mexico Cancer Research and Treatment Center. Albuquerque, New Mexico 
87131 [F. D. 0.|; and Department of Epidemiology. Johns Hopkins University, 
Baltimore, Maryland 21131 [J. M.S.) 



Abstract 

Karly identification and subsequent intervention are 
needed to decrease the high mortality rate associated with 
lung cancer. The examination of bronchial epithelium for 
genetic changes could be a valuable approach to identify 
individuate at greatest risk. The purpose of this 
investigation was to assay cells recovered from 
nonmalignant bronchial epithelium by fluorescence in situ 
hybridization for trisomy of chromosome 7, an alteration 
common in non-small cell lung cancer. Bronchial 
epithelium was collected during bronchoscopy from 16 
cigarette smokers undergoing clinical evaluation for 
possible lung cancer and from seven individuals with a 
prior history of underground uranium mining. Normal 
bronchial epithelium was obtained from individuals 
without a prior history of smoking (never smokers). 
Bronchial cells were collected from a segmental bronchus 
in up to four different lung lobes for cytology and tissue 
culture. Twelve of 16 smokers were diagnosed with lung 
cancer. Cytological changes found in bronchial epithelium 
included squamous metaplasia, hyperplasia, and atypical 
glandular cellsrThese changes-were present in 33, 12, and- 
47% of sites from lung cancer patients, smokers, and 
former uranium miners, respectively. Less than 10% of 
cells recovered from the diagnotic brush had cytological 
changes, and in several cases, these changes were present 
within different tohes from the same patient. Background 
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frequencies for trisomy 7 were 1.4 ± (K3% in bronchial 
epithelial cells from never smokers. Eighteen of 42 
bronchial sites from lung cancer patients showed 
significantly elevated frequencies of trisomy 7 compared 
to never smoker controls. Six of the sites positive for 
trisomy 7 also contained cytological abnormalities. 
Trisomy 7 was found in six of seven patients diagnosed 
with squamous cell carcinoma, one of one patient with 
adenosquamous cell carcinoma, but in only one of four 
patients with adenocarcinoma. A significant increase in 
trisomy 7 frequency was detected in cytologkally normal 
bronchial epithelium collected from four sites in one 
cancer-free smoker, whereas epithelium from the other 
smokers did not contain this chromosome abnormality. 
Finally, trisomy 7 was observed in almost half of the 
former uranium miners; three of seven sites positive for 
trisomy 7 also exhibited hyperplasia. Two of the former 
uranium miners who were positive for trisomy 7 
developed squamous cell carcinoma 2 years after 
collection of bronchial ceils. To determine whether the 
increased frequency of trisomy 7 reflects generalized 
aneuploidy or specific chromosomal duplication, a 
subgroup of samples was evaluated for trisomy of 
chromosome 2; the frequency was not elevated in any 
of the cases as compared~with controls. The studies 
described in this report are the first to detect and 
quantify the presence of trisomy 7 in subjects at risk for 
lung cancer. These results also demonstrate the ability to 
detect genetic changes in cytologically normal cells, 
suggesting that molecular analyses may enhance the 
power for detecting premalignant changes in bronchial 
epithelium in high-risk individuals. 

Introduction 

Although lung cancer is the leading cause of cancer death in the 
United~Suites-(l),^early_detcx;tion..and^intervention.xould de-_.„ 
crease the high mortality rate associated with this disease if 
sensitive screening approaches could be developed (2-4). Early 
detection may be feasible because the entire respiratory tract is 
exposed to inhaled carcinogens; therefore, the whole lung is at 
risk for developing multiple, independently initiated sites. This 
"field cancerization" condition (5) is supported clinically by a 
high frequency of second primary tumors in lung cancer pa- 
tients (6-9) and by the occurrence of progressive histological 
premalignant changes throughout the lower respiratory tract of 
cigarette smokers (iO, 11). Moreover, recent studies using 
pathological tissues obtained after lung resection or autopsy 
have identified genetic aberrations associated With lung cancer 
in nonmalignant bronchial epithelium adjacent to tumors (12— 
16). 

Although examination of pathological samples is useful 
for identifying genetic changes associated with carcinogenesis, 
this invasive approach for collection of clinical samples nec- 
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essary for early detection would not be appropriate for screen- 
ing. However, bronchial epithelial cells harvested using routine 
clinical procedures could be examined for genetic changes as an 
initial approach for detecting individuals at high risk for lung 
cancer. This approach could also provide genetic markers for 
evaluating the effectiveness of chcrnoprevention regimens. 
Bronchoscopy provides direct access to viable cells within the 
airways and is a commonly used tool for obtaining samples 
from the lower respiratory tract, including bronchial epithelium 
(17). This procedure can be used to repeatedly sample the 
bronchial epithelium over time and to collect viable cells that 
can be expanded through tissue culture tor functional assays. 

Because of field cancerization, genetic abnormalities 
should be dispersed throughout the bronchial epithelium of 
persons at risk for lung cancer. The purpose of this investiga- 
tion was to test this hypothesis by sampling nonmalignant 
bronchial epithelium from distinct locations within four differ- 
ent lobes of the lung from persons at risk for lung cancer and 
then assaying the bronchial cells for the presence of specific 
genetic abnormalities. Trisomy of chromosome 7 was exam- 
ined in these cells, because this alteration is common in solid 
tumors, including lung cancer, of several different organ sys- 
tems (18, 19). In addition, trisomy 7 has been detected in 
premaKgnant lesions such as villous adenoma of the colon (20), 
in the colonic mucosa of individuals with familial polyposis 
(21 ), and in the far margins of some resected lung tumors (22). 
Our results demonstrate that trisomy 7 can be detected in 
nonmalignant bronchial epithelium from patients with lung 
cancer distant to the site of the tumor and in individuals without 
tumors who are at high risk for lung cancer development. 
Together, these studies suggest that an extra copy of chromo- 
some 7 may be an intermediate biomarker of ongoing field 
carcinogenesis. 

Materials and Methods 

Subject Recruitment. Bronchial epithelium was collected 
from 1 6 cigarette smokers undergoing a diagnostic workup for 
possible lung cancer and from 7 individuals with a prior history 
of underground uranium mining, 5 of whom were also smokers. 
Three individuals who had never smoked were also recruited to 
obtain bronchial epithelium not exposed direcdy to either to- 
bacco smoke or radon progeny. 

Pathology and Exposure History. Twelve of the 16 cigarette 
smokers who underwent diagnostic bronchoscopy were diag- 
nosed with NSCLC. 3 Seven tumors were characterized histo- 
logically as SCCs, four tumors were ACs, and one tumor was 
an a deno squamous cell carcinoma. Lung cancer was not evi- 
dent in the other four subjects. Smoking histories ranged from 
15 to 120 pack-years (defined as the number of cigarettes 
smoked per day times the number of years smoked). All of the 
former uranium miners worked underground between 2 and 20 
years, with a range of 27-527 working level months. Five of the 
seven miners had smoking histories that ranged from 20-60 
pack-years. 

Bronchoscope Collection and Processing of Bronchial Ep- 
ithelium. A protocol was developed for harvesting viable 
bronchial epithelium from the lower respiratory tract using a 
standard cytology brush during bronchoscopy. After introduc- 



' The abbreviations used are: NSCLC. nou-sma!) cell lung cancer. SCC, squa- 
mous cell cancer AC. adenocarcinoma: EGFR. epidermal growih factor receptor: 
FISH, fluorescence in situ hybridization: LOH. loss of helero/.ygosity; BEGM. 
Bronchial Epithelium Grown Medium. 



tion into the lower respiratory tract, the bronchoscope was 
directed into each upper and lower lobe, and the carina! margi n 
of a segmental orifice, usually the second and third bifurcatioa 
within the upper and lower lobes, respectively, was brushed 
These sites were chosen because («) they are high-deposition 
areas for particles; (Z>) they are associated frequently with 
histological changes in smokers; and (c) they represent sites 
where tumors commonly occur (11, 23). The area was first 
washed with saline to remove any nonadherent cells. Sites were 
not brushed if a tumor was visualized within 5 cm of the site" 
After brushing, the brash was withdrawn, placed in serum-free 
medium, and kept on ice until processed. Each site was brushed 
twice. The procedure was well tolerated by all subjects, and no 
complications were noted related to the brushing procedure. 

Bronchial cells were collected from only two of the sites 
in two of the subjects, from three sites in two subjects, and from 
all four sites in the remaining subjects. Although only two sites 
were brushed initially in case 1, cells were obtained from all 
four sites in this subject during a repeat bronchoscopy per- 
formed after the initial procedure did not yield a diagnosis. 
Samples were obtained from all four sites in the cancer-free 
current smokers and in the never smokers. In addition, bron- 
chial epithelial cells derived at autopsy by Clonetics, Inc. (San 
Diego, CA) from four never smokers were also obtained to 
serve as additional controls. Only two sites sampled from most 
of the former uranium miners were available for analysis be- 
cause cells recovered from the other sites had been used ex* 
clusively for cytology in another investigation. 4 
Bronchial Epithelial Cell Culture. Replicative cultures oflhe :: 
bronchial epithelial cells obtained by the procedure described' 5 ' 
above were established in our laboraiory (24) using & scrurtK'i 
free medium (BEGM; Clonetics, Inc.) that is optima! for growths 
of these cells. Cells were removed from brushes by vigorous!; 
shaking in BEGM; cells from one brush were prepared for s S: 
cytological analyses, and cells from the other brush were^; 
washed, resuspended in BEGM, seeded onto 60-mm fibronecjK: 
tin-coated plates, and grown at 37 0 C in 3% C0 2 and 21% Gr|j| 
until 80% confluence. Prior to passage, aliquots of cells weres| 
cryopreserved and stored at — 1 45°C; other samples of ccllsj| 
were fixed in methanol-acetic acid (3:1). Next, the cells weregj 
washed four to six times in methanol :acetic acid and thetK§ 
dropped onto slides (about 2 X 10 5 cclls/slide). The effects 
cell culture on the frequency of trisomy 7 in nonmalignartflif 
bronchial epithelium were examined by placing cells dispersedjp§ 
from brushes directly onto microscope slides followed by fix;->| 
ation. 

Cytology. Cells from one brush from each bronchial collection]^ 
- site-were prepared for cytological-analysis by smearing-the ceUpg 
across a microscope slide. The cells were then fixed with 96w|| 
cthanol and stained according to the Papanicolaou procedural 
(25) to facilitate morphological evaluation by a cytopatbologis^| 
Detection of Trisomy 2 and Trisomy 7. Trisomy 2 and tri*|| 
somy 7 were determined by hybridization of cells with a biotJ^f 
nylated chromosome 2 or 7 centromere probe (Oncor. Gaith||| 
crsburg, MD). The probes were denatured in hybridizatto||:| 
buffer at 70°C for 5 min, and the slides were immersed in 705*|gi 
fonnamide-2x SSPE at 70°C for 2 min. The probe was 
applied to the slides, which were incubated in a humidifM^ 
chamber at 37°C for 16 h. After incubation, the slides w*<|| 
washed in 0.25 X SSPE (10 dim sodium phosphate monobasj||| 
monohydrate; 1 dim ethylenediamine telraacetic acid disodtu^^ 



J Unpublished data. 
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salt, dihydrate; 150 hjm sodium chloride, pH 7.4) for 5 rain at 
72°C, and the probe was detected with fluorescein-labeled 
avidin. Cell nuclei were visualized with propidium iodide. 
Data Analysis. The number of centromeric hybridization sig- 
nals in each cell were evaluated in 400 cells/slide, and the 
frequency ottrisomy 7 on each slide was calculated by dividing 
the total number of cells expressing three hybridization signals 
by the total number of cells counted on each slide. Twenty % 
of the slides were scored by a second person, and frequencies 
for trisomy 7 differed by <0.4%. The total number of sites 
positive for trisomy 7 in subjects with SCC and AC were 
compared using Fisher's exact test 

Results 

Cytology. Squamous metaplasia and atypical glandular cells, 
the only cytological abnormalities observed in lung cancer 
patients, were present in 32% of the samples (Table 1). These 
cytological changes were observed in <10% of the cells re- 
covered from the diagnostic brush. Two subjects had three sites 
with cytological abnormalities, and five subjects had no cyto- 
logical abnormalities. No samples contained tumor cells by 
cytology, although one of four sites in five subjects was col- 
lected from the same lobe where a tumor was later diagnosed. 

Two of the 16 sites in smokers without lung cancer were 
cytologically abnormal (both in the same person; Table 2), 
whereas no atypical cells were present in the 12 sites from the 
three never smokers (Table 3). In former uranium miners, 
hyperplasia was present in bronchial cells collected from all 
four sites from one person, and in one site in two additional 
people (Table 2). 

Culturing of Bronchial Epithelial Cells. The efficiency of 
establishing repiicative cultures of the cells obtained by bron- 
chial brushing was 100%. The senim-free medium used for 
these cultures is optimal for growing bronchial epithelial cells 
and does not support fibroblastic cell replication (25). There- 
fore, the cells were uniformly epitheloid in appearance. Growth 
potential was evaluated by passaging cells from all seven of the 
uranium miner cases and cases 1-6 from the lung cancer 
patients. Some of these cultures were maintained for up to nine 
passages (a minimum of 16 population doublings), and many 
underwent 30 divisions before senescence. However, none ex- 
hibited an indefinite population-doubling potential. 
Detection of Trisomy 7 in Nonmalignant Bronchial Epithe- 
lium. Background rates of trisomy 7 were determined by ex- 
amining normal human bronchial epithelial cell lines derived 
from autopsy cases of never smokers and bronchial epithelium 
coTlected~fr^~heveysnw^ 

chial cell lines (passage 2) from four donors and bronchial 
epithelial cell samples obtained by bronchial brushing from the 
recruited never smokers (Table 3), only 1.4 + 0.3% (SD) of the 
cells contained three hybridization signals for chromosome 7 
with values ranging from 1 to 1.8%. These values agree with 
those reported by the manufacturer of the probe. Therefore, 
trisomy 7 frequencies of >2.0% (>2 SD above the mean for 
controls) were considered significantly different from controls. 

Passage 1 or 2 bronchial cells from lung cancer patients 
were examined for trisomy 7. Eighteen of lire 42 bronchial sites 
(43%) sampled froin the 12 lung cancer patients contained 
trisomy 7 at frequencies ranging from 2.3 to 6.0% (Table 1 ; Fig. 
1). Three subjects (cases 1,2, and 11) displayed trisomy 7 in all 
sites collected during bronchoscopy, and in two subjects (cases 
7 and 12), trisomy 7 was found in three of four sites (Table 1). 
Six of the 18 sites positive for trisomy 7 also contained cyto- 
logically abnormal cells. Trisomy 7 was found in six of seven 



Table] 



Frequency of trisomy 7 in bronchial epithelial cells from lung cancer 
paiienu, . . 



Case 


Age 


Smoking 
(pack-yrs) 


Tumor 
diagnosis 


Brush 
location 


Cytological 
diagnosis 


Trisomy 7 
(frequency, %) 


1 


64 


104 




DT r o 


in 


■> «* 










Off 


AOL 












RUL** 




J.u 










RUL' 


N 


a nfr 










f .11 r 




o.LT 










L1JI/ 


SM 




2 


69 


26 


SCC 


RUL 


SM 


2.8* 










LLL 


SM 


3.3 










LUL 


N 


3.8* 


3 


65 


120 


sec 


RLL 


AGC 


2.0 










RUL 


AGC 


2.3* 










I.LL 


AGC 


2.0 


4 


52 


90 


AC 


RIX 


SM 


l.S 










RUL 


N 


1.8 










Fit. 


SM 


1.5 










LUL 


SM 


1.8 


5 


70 


50 


SCC 


RLL 


N 


1.5 










RUL 


N 


1.5 










Ml 


N 


1.5 










LUL 


SM 


1-3 


6 


61 


93 


AC 


RLL 


N 


1.5 










RUL 


N 


1.3 










LLL 


N 


2.0 










LUL 


N 


1.5 


7 


58 


40 


SCC 


RLL 


N 


1.8 










RUL 


N 


2 3* 










LLL 


N 


2.5* 










LUL 


N 


2.8* 


8 


59 


120 


AdSCC 


RLL 


N 


1.5 










RUL 


N 


2.0 










LLL 


N 


2.5" 










LUL 


AGC 


2.0 


9 


65 


71 


SCC 


RLL 


SM 


2.0 










RUL 


SM 


2.5* 


10 


63 


45 


AC 


RLL 


N 


1.0 










RUL 


N 


1.8 










LLL 


N 


1.8 










LUL 


N 


1.3 


11 


61 


95 


AC 


LLL 


N 


. 2.5* 










LUL 


N 


2.8* 


12 


76 


17 


SCC 


RLL 


N 


2.0 










RUL 


N 


2.3* 










LLL 


' N 


2.3* 










LUL 


N 


2.3* 



" RLL, right lower lobe; RUL, right upper lohe; LLL, left lower lobe; LUL, left 
upper lube; AGC, atypical glandular cells; SM, squamous metaplasia; N, normal 
cells; AdSCC, adenosquamous carcinoma. 



* P < 0.05 as compared to~ricver-smoker controls. 
' Resampled 4 months later. 



patients diagnosed with SCC, whereas only one of four patients 
with AC displayed trisomy 7 in any site collected at bronchos- 
copy. Case 7, which had histological features of both SCC and 
AC, had one site positive for trisomy 7. The frequency of 
positive trisomy 7 sites in all patients with SCC within this 
small sample population was significantly greater than in AC 
patients (P < 0.005): 

The reproducibility of detecting trisomy 7 at sites found to 
be positive for this abnormality was investigaied in one patient 
(case 1) who required repeat bronchoscopy for clinical reasons. 
Trisomy 7 was increased similarly in the two sites brushed 
during both procedures, although cytological examination 
showed atypical cells in one site from the first bronchoscopy 
and cytologically normal cells from the same site collected 
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Table 2 frequency of trisomy 7 in bronchia} epithelial cells from cancer-free 
smokers and former uranium miners 



Case Age 


Smoking 
(pack-yrs) 


Radon exposure 

■\j ry % jt, ill 

(WLMsr 


Brush 
location 


Cytologies) 
diagnosis 


Trisomy 7 
(frequency, ft) 


13 81 


15 


0 


RLL 


N 


1.8 








RUL 


AOC 


1.5 








LLL 


N 


1.8 








LUL 


SM 


2.0 


14 34 


24 


0 


RLL 


N 


13 








RUL 


N 


13 








LLL 


N 


1.0 








LUL 


N 


1.3 


IS 68 


51 


0 


RLL 


N 


4.0* 








RUL 


N 


3.0* 








LLL 


N 


4.3* 








' LUL 


N 


3.5* 


16 45 


30 


0 


RLL 


N 


13 








RUL 


N 


1.5 








LLL 


N 


2.0 








LUL 


N 


1.8 


17 59 


8 


27 


LLL 


N 


3.0* 








LUL 


N 


3.0* 


18 65 


9 


516 


LUL 




1.3 








RUL 




^ a* 
j j 


19 64 


30 


235 


LUL 


N 


1.5 








RLL 


N 


1.0 


20 56 


0 


186 


LUL 


N 


2.0 








RLL 


N 


2.3* 


21 64 


0 


214 


RLL 


H 


1.8 


22 64 


u 


577 


LUL 


N 


1.8 








RLL 


H 


0.8 


23 67 


3! 


124 


LLL 


t! 


i.3 








LUL 


H 


2.R* 








RLL 


H 


2.5" 








RUL 


H 


3.3* 



" Abbreviations are as indicated in Table 1 footnote. WLM, working level month: 
H. hyperplasia. 

'' f < 0.05 as compared to never-smokcr controls. 



during the second procedure (Table 1). The other two sites 
collected during the second bronchoscopy also showed elevated 
frequencies of trisomy 7 in this patient 

Trisomy 7 was detected in cytoiogically normal bronchial 
epithelium collected from four sites in one (case 15) of the 
cancer-free smokers (Table 2). Bronchial cells from the other 
smokers did not contain this chromosome abnormality. In the 
former uranium miners (cases 17-23), seven of 15 sites col- 
lected during bronchoscopy were positive for trisomy 7. Three 

_pfjhe_ppsitiye_sites^ere foundjn.one.subject (case 23).and_also. 
contained basal cell hyperplasia. However, the other four sam- 
ples positive for trisomy 7 showed no cytological abnormality. 

Two of the former uranium miners (cases 18 and 23) 
developed lung cancer within 2 years of bronchial cell collec- 
tion. SCC was diagnosed in the right upper lobe of both sub- 
jects. As noted in Table 2, bolh cases were positive for trisomy 
7 in the right upper lobe brushing site obtained at the initial 

'bronchoscopy. 

Tissue Culture Effects on Trisomy 7 Expression in firnn- 
cliial Epithelium. The effect of tissue culture on trisomy 7 
frequency was assessed by comparing the frequency of this 
chromosome abnormality in freshly isolated bronchial epithe- 
lium obtained directly from bronchial brushes ("preculture") to 
passage 1 cells. This comparison was conducted on cells col- 
lected from two different bronchial sites in three different 
subjects [(cases 11 and 16 and donor 7 (never smoker)]. Cul- 
tured samples positive for trisomy 7 in case 11 were also 



Table 3 Interphase analysis of chromosome 7 in normal human bronchial 
epithelial cells 

Bronchial epithelial cell lines were established from never smokers (Cloneticsi 
after autopsy and from volunteers. The norma! distribution of chromosome 7 cuov 
number as detected hy HSH is shown by the percentage of ceil* exhibiting | j 
3. or 4 hybridisation signals. Hour hundred cells containing hybridiiatjon "sim*,! 
were counted per donor. 



Donor 


Age 


Brush 
location 


1 


Numher of Hybridization 
signals/cell {%) 

2 3 


4 


1 


6 


NA° 


3.5 


92.0 


1.5 


3.0 


2 


17 


NA 


2.3 


95.5 


1.3 


1.0 


3 


15 


NA 


IS 


94.7 


1.8 


2.0 


4 


41 


NA 


2.0 


94.8 


1.0 


2.3 


5 


45 


RLL 


1.0 


955 


1.8 


1.7 






RUL 


0.5 


983 


1.0 


0.2 






LLL 


13 


96.5 


1.0 


1.2 






LUL 


1.0 


963 


1.2 


1.5 


6 


35 


RLL 


1.0 


96.8 


1.0 


1.2 






RUL 


2.5 


933 


1.7 


2.5 






LLL 


2.0 


94.8 


1.5 


1.7 






LUL 


1.8 


94.2 


1.8 


2.2 


7 


33 


RLL 


<X5 


98.2 


0.8 


0.5 






RUL 


0.5 


972 


1.3 


1.0 






LLL 


i.2 


96.8 


1.3 


0.7 






LUL 


i.0 


96.0 


IS 


1.5 



' Abbreviations are as indicated in tbe legend to Table 1. NA. not applicable. 



positive in preculiure cells from the same bronchial collection 
site, whereas sites negative for trisomy 7 in cultured cells from 
case 16 and the never smoker were also negative in precuiiarc 
cells (data not shown). Values for trisomy 7 differed by <0.3% 
between preculture and cultured cells. The effect of passaging 
cells on the frequency of trisomy 7 was also examined in 
bronchial cells from case 1. Trisomy 7 frequency was similar in 
cells from passages 1, 4, and 7. 

Frequency of Trisomy 2 in Nonmalignant Bronchial Epi- 
thelium. Aneuploidy has been detected in bronchial squamous 
metaplasia, a likely precursor to SCC (26). To determine 
whether the increased frequency of trisomy 7 detected in the 
current study reflects generalized aneuploidy or a specific chror 
mosomal duplication, a subgroup of samples was evaluated for 
trisomy of chromosome 2. The frequency of trisomy 2 in never 
smokers was 1.5 ± 0.4% (data not shown). Bronchial cells 
from eight subjects, six of whom had elevated frequencies for 
uisorny 7, were^valuated/The frequenc y for trisom y of chro- 
rhosorhe 2 did not differ from never smokers (Table 4). 



Discussion 

The studies described in this report are the first to detect and 
quantify an increase in trisomy 7 in the airway cells of subjects 
at risk for lung cancer. The presence of trisomy 7 appeared to 
be a specific chromosome gain and not due to generalized 
aneuploidy in these cells. In addition, trisomy 7 in nonmalig- 
nani epithelium from lung cancer patients was associated with 
SCC tumor histology, suggesting that patients with this genetic 
change may be at greater risk for developing SCC than ether 
histological forms of lung cancer. This supposition was sup- 
ported by the fact that iwo cancer-free former uranium miners 
with bronchial cells positive for trisomy 7 ultimately developed 
SCC. Finally, these results demonstrate the ability to detect 
genetic changes in cytoiogically normal cells, suggesting that 
molecular analyses may enhance the power for detecting 
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Fig. I- FISH foi chromosome 7 in 
bronchial epithelial cells. Trisomy 7 
is apparent in one cell from this 
field. Magnification, X530. 




Tabic 4 frequency of trisomy 2 in bronchial epithelial cells from lung cancer 
patients, canccr-free smokers, a nd former uranium miners 



Case Tumor diagnosis 



SCC 



SCC 



SCC 



None 



15 



19 



None 



None 



None 



Brush location 


Trisomy 2 
(frequency, %) 


RLL° 


1.5 


RUL 


IS 


LU. 


1.8 


LUL 


1.0 


LU. 


1.0 


LUL 


1.0 


RU. 


1.5 


RUL 


2.1 


LLI. 


1.8 


LUL 


i.5 


R1.L 


0.3 


RUL 


1.5 


LU. 


0.8 


RLL 


1.0 


RUL 


0.8 


LLL 


1.0 


- LtIL — 


.J.3..- _ 


RLL 


1.8 


RUL 


2.0 


LLL 


1.0 


l.UL . 


1.3 


LUL 


1.9 


RLL 


0.8 


RU. 


1.5 



' Abbreviations are as indicated iii legend U> Table I. 



premalignant changes in bronchial epithelium in high-risk 
individuals. 

Cigarette smoking and the exposure of underground min- 
ers to radon progeny are both well-established respiratory car- 
cinogens (27, 28). Tobacco smoke contains numerous muta- 
gens and carcinogens, and radon progeny that have been 
inhaled and deposited on the respiratory epithelium release o 



particles capable of damaging DNA (28). Although comparison 
between findings in the cigarette smokers and the former ura- 
nium miners is constrained by the number of participants in the 
two groups, trisomy 7 was found in bolh groups. These results 

. are consistent with the synergism between smoking and radon 
progeny, which suggests commonality in the pathways by 
which the two carcinogens cause iung cancer (29). 

The bronchial brushing" method used for collecting cells 
from the lower respiratory tract is rapid (10-12 min total for 
two brushes at four different sites), well tolerated by the patient, 
and permits collection of viable bronchial cells that can be 
expanded through tissue culture at 100% efficiency. The sta- 
bility of these cells in culture was evident by the fact that the 
frequency of trisomy 7 did not differ between primary brush 
cells and cells propagated for up to seven passages. Further- 
more, this procedure is amenable to the production of sufficient 
cell numbers (1 X 10 8 ) at low passage (one or two) to accom- 
modate multiple molecular analyses. Although the media used 
in culturing of bronchial epithelial cells did not appear lo 

"prwide li^lertive~p^ 

additional chromosome 7, the modulation of medium supple- 
ments might lead to the establishment of clonal populations of 
premalignant cells. Such cell populations would greatly facil- 
itate the identification of additional early gene changes in 
respiratory carcinogenesis. 

The detection of trisomy 7 in multiple nonmalignant sites 
within the bronchial tree supports the theory of field cancer- 
ization (5)* which stales that diffuse exposure of the entire 
respiratory tract to inhaled carcinogens causes the development 
of multiple, independently initiated sites lhat can lead to tumor 
development. Although the frequency of this chromosome ab- 
normality was relatively low (2.3-6.0%), these values were 
consistent with the low percentage of cells within each brush 
sample (10%) that exhibited abnormal cytology. These results 
arc also similar to studies of chromosome gain in patients with 
head and neck cancer where trisomy 7 was detected at frequen- 
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cies of 2, 3, and 21% ia histologically normal, hyperplastic, and 
dysplastic cells, respectively (30). 

The detection of trisomy 7 in normal, hyperplastic, and 
metaplastic bronchial epithelium from cancer-free patients ex- 
tends a recent report describing LOH at chromosomes 3p, 5q, 
and 9p in dysplastic premalignant bronchial lesions harvested 
from current and former smokers by bronchoscopy (31). The 
inability to detect LOH at these chromosome loci in normal or 
early premalignant epithelium may stem from a difference in 
sensitivity between the methodologies used The low frequency 
of trisomy 7 and cytologically abnormal cells collected from 
bronchoscopy is consistent with a laqk of clonality within the 
brush cells. FISH assays on interphase cells permit screening of 
individual cells, and sensitivity for detection is limited only by 
the number of cells examined. In contrast, microsatellite anal- 
yses for LOH cannot detect nonclonal changes but require that 
the chromosome alteration be present in approximately 40- 
50% of the sample (32, 33). 

The role of trisomy 7 in lung cancer development has not 
been elucidated. Increased expression of EGFR, which is lo- 
cated on chromosome 7 (34), is observed in 50-80% of 
NSCLCs (16, 35, 36). EGFR expression appears greater in SCC 
than AC (35, 36) and is amplified in some cell lines derived 
from SCC (37). These findings corroborate our hypothesis that 
acquisition of trisomy 7 in bronchial epithelium could be prog- 
nostic for development of SCC. Moreover, expression of this 
gene is also increased in nonmalignant bronchial epithelium 
from NSCLC patients (16, 35) and in normal or premalignant 
epithelium adjacent to head and neck tumors (38). Thus, altered 
expression of EGFR could enable cells that have acquired 
additional genetic changes to proliferate continually and escape 
from terminal differentiation (39). In addition, the c-met onco- 
gene is also located on chromosome 7 and is overexpressed in 
NSCLCs (40, 41). This oncogene encodes a transmembrane 
tyrosine kinase (42) thai functions as a receptor for the hepa- 
tocyte growth factor (43) and is involved in sustaining the 
growth of NSCLC cells in culture (44). 

Previous studies have detected mutations in p53 (12, 14, 
35), chromosome losses at 9p21 (45) and 3p (46) in preinvasive 
bronchial lesions, and simple chromosome rearrangements in 
normal bronchial epithelium from proximal airways (47) of 
lung cancer patients. The prevalence of these genetic changes in 
normal epithelium from persons at risk for lung cancer should 
be quantified by FISH to define the temporal sequences of 
somatic genetic changes that precede the development of clonal 
lesions in the lung. This information will be invaluable in 
providing biological markers that can qualitatively estimate the 
-extent-offieldcancerization-in^persons-at-risk-for-lung-cancer — 
and can be used to assess the efficacy of chemointervention 
trials. Ultimately, the efficiency for delecting these biological 
markers in bronchial epithelium versus exfoliated epithelial 
cells within sputum must be established to support the use of a 
"genetic-based" screening approach for individuals at high risk 
For lung cancer. The results of the current investigation have 
identified one potential biomarker, trisomy 7. that may be 
useful in early detection and intervention for lung carcino- 
genesis. 
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From genes to protein structure and function: 

approaches in the genomic era 

Jeffrey Skoinick and Jacquelyn S. Fetrow 



The genome-sequencing projects are providing a detailed 'parts list' of life. A key to comprehending this list is understanding 
the function of each gene and each protein at various levels. Sequence-based methods for function prediction are inadequate 
because of the multifunctional nature of proteins. However, just knowing the structure of the protein is also insufficient for 
prediction of multiple functional sites. Structural descriptors for protein functional sites are crucial for unlocking the secrets 
in both the sequence and structural-genomics projects. 



Genome-sequencing projects are providing a 
detailed "parts list' for life. Unfortunately, this list, 
a portion of which represents the amino acid 
sequence of all the proteins in a given genome, does 
not come with an instruction manual. That is, given 
the genome's sequences, one does not necessarily know 
straight away which regions encode proteins, which 
serve a regulator)' role and which are responsible for 
the structure and replication of the DNA itself. 

This is not unlike giving a child a list of parts nec- 
essary to create a working automobile. Without the 
necessary expertise" creating the final, working car from 
just the initial parts list is a nearly impossible task. Simi- 
larly, understanding how to create a complete, func- 
tioning cell given just the sequence of nucleotides 
found in an organism's genome is a complex problem. 

What is a protein function? 
After a genome is sequenced and its complete parts 
- list detc-mined.thc raacqioirfct^oajkistand the fane -.; 
tiou(s) of each part, inducing that of the proteins. What 
do we mean by protein function, the focus of this article? 

Function has many meanings. At one level, the pro- 
tein could be a globular protein, such as an enzyme, 

honiione-or antibody, or it-could-bc^a-structural_or — 

membrane-bound protein. Another level is its bio- 
chemical function, such as the chemical reaction and 
the substrate specificity of an enzyme. The regulatory 
molecules or cofactors that bind to a protein are also 
levels of biochemical function. 

At the cellular level, the proteins function would 
involve its interaction with other macromolecules and 
the function and cellular location of such complexes. 
There is also die protein's physiological function; that 
is, in which metabolic pathway the protein Is involved 
or what physiological role it performs in the organism. 
Finally, die phenotypic function is the role played by 
the protein in the total organism, which is observed by 
deleting or mutating the gene encoding the protein. 
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Obviously, the cornplete characterization of protein 
function is dihicult but efforts are underway at all levels 1-4 , 
including cellular functibn s *. In this article, however, 
we focus on identifying the biochemical function of a 
protein given its sequence, a problem that is amenable to 
molecular approaches. 

Sequence-based approaches to function 
prediction 

The sequence -to- function, approach is the most com- 
monly used function-prediction method. This robust 
field is well developed and, in the interest of space 
limitations, we will merely present a brief overview. 

There are two main flavors of this approach: sequence 
alignment 7- *; and sequence-motif methods such as 
Prosite 10 , Blocks 11 , Prints 12 -" and Eniotif". Both die 
alignment and the motif methods are powerful but a 
recent analysis has demonstrated their significant limi- 
tations' 5 , suggesting that these methods will increasingly 
fail as the protein-sequence databases become- more 
^iveSeT 

An extension of these approaches that combines 
protein-Sequence wid\ structural information has been 
developed and some successes have been reported 16 . 

However, t his method still a ppl ies the stru ctural infor- 

mation in a one-dimensional, 'sequence-like' fashion 
and fails to take into account the powerful three- 
dimensional information displayed by protein structures 
In addition, proteins can gain and lose function dur- 
ing evolution and may, indeed, have multiple function; 
in the cell (Box 1). Sequence-to-function method: 
cannot specifically identify these complexities. Inaccu 
rate use of scquence-to-function methods has led t< 
significant function-annotation errors in the sequenc 
databases 17 . 



An alternative approach 

An alternative, complementary approach to proteir 
function prediction uses the sequence-to-structurc-tc 
function paradigm. Here, the goal is to determine tr 
structure of the protein of interest and then to identi 
the functionally important residues in that stnictut 
Using the chemical structure itself to identify functior 
sites is more in line \vidi how die protein actually worl 



In a sense, this is one long-term goal of 'structural 
genomics' projects 1 *-'*, which are designed to deter- 
mine all possible protein folds experimentally, just 
as genome-sequencing projects are determining all 

structural-biology approaches, in which one knows the 
protein's function first and only then, if the function is 
sufRciendy important, determines its structure. 

It is implicitly assumed that having die protein s struc- 
ture will provide insights into its function, thereby fur- 
thering die goals of the human-genome-sequencing 
project. However, knowing a protein's three-dimensional 
structure is insufficient to determine its function 
(Box 2). What we really need to analyse and predict the 
multifunctional aspects of proteins is a method spe- 
ciGcally to recognize active sites and binding regions in 
these protein structures. 

Active-site identification 

In order to use a structure-based approach to function 
prediction, ons must identify the key jesidues "-spon- 
sible for a given biochemical activity. For many years, 
it has been suggested that the active sites in proteins are 
better conserved than die overall fold. Taken to the 
limit, this suggests that one could not only identify dis- 
tant ancestors widi die same global fold and die same 
activity but also proteins with similar functions but 
distantly related, or possibly unrelated, global folds. 

The validity of this suggestion was demonstrated 
empirically by Nussinov and co-workers, who showed 
that the active sites of eukaryotic serine proteases, sub- 
tflisins and sulfhydryl proteases exhibit similar structural 
motifs 21 . Furthermore, in a recent modeling study of 
Saccharomytes ccrevisiae proteins, protein functional sites 
were found to be more conserved than odier parts of 
the protein models 22 . Similariy, it has been demon- 
strated that die catalytic triad of the a/|3 hydrolases 
is structurally better conserved than other histidine- 
containing triads 23 . A comparison of the structure of the 
hydrolase catalytic triad to odier histidinc-containing 
triads shows a distir.ct birnodaLdjstributian, while a 
fimilar analysis done with ?» randomly selected triad shows 
a unimodal distribution (Fig. 1). 

Kasuya and Thornton 2 * generalized this example by 
creating structural analogs of a few Prosite sequence 
motifs' 0 . For the 20 most-frequendy occurring Prosite 
paaerns,~the associated local structure Is quitedLstinct. 
Thcse results provide dear evidence that enzyme active 
sites are indeed more highly conserved than other parts 
of the protein. 

Identifying active sites in experimental structures 

Historically, several groups have attempted to iden- 
tify functional sites in proteins; these efforts were 
directed at protein engineering or building functional 
sites in places where they did not previously exist. This 
has been successfully accomplished for several metal- 
binding sites 25 " 33 . However, highly accurate functional- 
site descriptors of die backbone and side-chain atoms were 
required, fueling die belief that significant atomic detail 
is required in rite descriptors for function identification. 

Highly detaEed residue side -chain descriptors of the 
acrive sites of serine proteases and related proteins have 
been used to identify functional rites'. The use of these 
highly detailed motifs has led to die identification of 



Box 1. Proteins are multifunctional 



A common protein characteristic that makes functional analysis based 
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strate and zinc, and performs a redox reaction. Each of these occurs 
at different functional sites that are in dose proximity and the cont>i- 
nation of all four sites creates the fully functional protein. 

Other examples of multifunctional proteins are the nude'ic-at^-binding 
proteins. Fa instance, DNA regulatory proteins often contain a 0NA- 
binding domain, a multimerization domain and additional sites that bind 
regulatory proteins; a classic example is RecA 59 . The 3C rhinovirus 
protease exhibits a proteolytic function as well as an RNA-binding 
function 60 - 61 . Transcription factors are also complex, multifunctional 
proteins 62 . It is becoming increasingly important to recognize each of 
these different functions of gene products of a newly sequenced gene. 

The serine-threonine-phosphatase superfamily is a prime example of 
the difficulties of using standard sequence analysis to recognize the 
multiple functions found in single proteins. This large protein family is 
divided into a number of subfamilies, all of which contain an essential 
phosphatase active site. Subfamilies 1, 2A and 2B exhfoit 4036 or more 
sequence identity between them 63 . However, each otibesejsubfgrpilies 
is apparently regulated differently in the cell 64 - 67 and observation sug- 
gests that there are different funcfiorial'sites at which regulation can 
occur. Because the sequence identity between subfamilies is so high, 
standard sequence-similarity methods could easily misclassify new 
sequences as members of the wrong subfamily if the functional sites 
are not carefully considered, as was recently demonstrated 43 . 

These are but a few examples of the multilunctionatity of proteins. 
The recognition of this multifunctional nature is of critical importance 
to the genomics field. Useful functional-annotation methods must con- 
sider all of the specific functions in a given protein and wfll not just 
provide a general classification of function. 



several novel functional sites in known, high-quality 
protein structures 3 - 34 . More automated methods for 
finding spatial motifs in protein structures have abo 
been descTibcd n - 14 "" w . 

Unfortunately, most of these methods require the 
exact placement of atoms within protein backbones and 
side chains, and so have not been shown to be relevant 
to inexact predicted structures. Recendy, however, we 
desctibedthe-fTOduetion-of fuzzy f -inexact descriptors 
of protein functional sites' s . As we wish to apply the 
descriptors to experimental structures as well as to pre- 
dicted protein models, we used only carbon atoms and 
side-chain centcrs-of-mass positions. We call these 
descriptors 'fuzzy functional-forms- (FFFs)-and have 
created them for both the disulfide-oxidoreductase 1S 41 
and ct/P-hydrolase catalytic active sites 23 . 

The disulfide-oxidoreductase FFF was applied to 
screen high-resolution structures from the Brookhaven 
protein database* 2 . In a dataset of 364 protein structures, 
the FFF accurately identified all proteins known to 
exhibit the disulfide-oxidoreductase active site 15 . In a 
brger dataset of 1501 proteins, the FFF again accurately 
identified all proteins with the active site. In addition, 
it identified another protein, Ifjm, a scrine-direonine 
phosphatase. This result was initially discouraging but 
subsequent sequence alignment and clustering analysis 
strongly suggested diat diis putative site might indeed 
be a rite of redox regulation in the serine-threonine 
phosphatase-l Ribfarnily 43 . If confirmed by experiment, 
this result will highlight die advantages of using struc- 
tural descriptors to analyse multiple functional rites in 
proteins. It will also higldight the fact that human 



Box 2. Knowing a protein's structure does not necessarily 
ted you fts function 



thing about its function. The most weO-studied example is the (a/p) 8 
banrei enzymes, of which triose-phosphate tsomerase (TIM) is the arche- 
typal representative. Members of this family have similar overall struc- 
tures but different functions, including different active sites, substrate 
specificities and cofactor requirements n n . 

Is this example common? Our own analysis of the 1997 SCOP data- 
base 68 shows that the five largest fold families are the ferredoxin- 
like, the (a/p) barrels, the knottins, the immunoglobufin-fike and the 
flavodoxirvlike fold families with 22, 1 8. 1 3, 9 and 9 subfamilies, respec- 
tively Fig. 0. In fact, 57 of the SCOP fold famines consist of multiple 
superfamilies. These data only show the tip of the iceberg, because 
each superfamily is further composed of protein families and each indi- 
vidual family can have radically different functions. For example, the 
ferredoxhffce superfamily contains famifies identified as Fe-S ferredoxins, 
ribosomal proteins, DNA-binding proteins and phosphatases, among 
others. 

- After this article was submitted, a muclwncre-detailed analysis of the 
SCOP database was published 72 . This finds a broad function-structure 
correlation for some structural classes, but also finds a number or 
ubiquitous functions and structures that occur across a number of fam- 
ines. The article provides a useful analysis of the confidence with which 
structure and function can be correlated 72 . Knowing the protein struc- 
ture by itself is insufficient to annotate a number of functional classes 
and is also insufficient for annotating the specific details of protein 
function. 
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rtstogram of the numbers of superfamSies found in each SCOP fold family. 
These data clearly show that proteins with similar structures can have different 
functions and demonstrate the difficulty of assigning protein function based 
simply on the three-dimensional structure. The data were taken from the 1997 
distribution of SCOP (hltpy/scop.mrc-lmb.cam.ac.uk/scop). For a more-detailed 
analysis, see Ref. 72. 



observation alone is no longer adequate for identifying 
all functional sites in known protein structures. 

To date, the use of structure to identify function has 
largely focused on high-resolution structures and highly 
detailed descriptors of protein functional sites. How- 
ever, the creation of inexact descriptors foe functional 
sites opens the way to the application of diese niediods 
to inexact, predicted protein models. The question 
remains: how good does a model have to be in order 
to use FFFs to identify its active sites? 



The t tatc of the art in structure-prediction 
methods 

For proteins whose sequence identity is above —30%, 
one can use homology modeling to build the struc- 

■ - • i f-;.;,; ■£::>,.: 

lor piotcms uut ait not iioi.uncr^ous to proteins with 
known structure. At present, dierc are two approaches for 
these sequences: ab initio folding* 5 ""*" and direading^'-". 

In ab initio folding, one starts from a random confor- 
mation and then attempts to assemble die native struc- 
ture. As this method does not rely on a library of 
pre-existing folds, it can be used to predipt novel 
folds. The recent CASP3 protein-smicture-pfediction 
experiment (http://PredicuonCenter.unl.gov/CASP3) 
involved the blind prediction of the structure of pro- 
teins whose actual structure was about to be experi- 
mentally determined. These results indicate diat con- 
siderable progress has been made' 0 ' 5 " 1 . For helical ami 
ot/p proteins with less than 110 residues, structures 
were often predicted whose backbone root-mean- 
squarc deviation (RMSD) fronijjatiye. .ranged, fro m 
4—7 A. Progress is being nude with the P proteins, too, 
although they remain problematic. Because ab initio 
methods can identify novel folds, these methods could 
be used to help to select sequences likely to yield novel 
folds in experimental structural-genomics projects. 

Another approach to ternary-structure prediction is 
direading. Here, for die sequence of interest, one 
attempts to find the closest matching structure in a 
library of known . folds 5 - 55 . Threading is applicable to 
proteins of up to 500 residues or so and is much faster 
than ab initio approaches. However, threading cannot 
be used to obtain novel folds. 

Ab initio predicted models can be used for automatic 
protein-Junction prediction 

The results of die recent CASP3 competition sug- 
gest that current modeling methods can often (but not 
always) create incxaa protein models. Are these struc- 
tures useful for identifying fiinctionai sites in proteins? 
Using the ab initio structure-prediction program 
•- iVrGNSSTER, die tertiary structure of a glutarcdoxi.i, 
lego, was predicted 56 . For the lowest-energy model, 
die overall backbone RMSD from die crystal structure 
was 5.7 A. 

To determine whether this inexact model couldXie 
usedTor function identification, the sets of correctly 
and incorrecdy folded structures were screened widi 
the FFF for disulfide-oxidoreductase activity 15 . The 
FFF uniquely identified the active site in die correcdy 
folded structure but not in the incorrecdy folded ones 
(Fig. 2). This is a proof-of-principle demonstration thai 
inexact models produced by ab initio prediction oi 
strucuire from sequence can be used for the subsequen 
prediction of biochemical function. Of course, improve- 
ments in the method have to be made before sucl 
predictions can be done on a routine basis. 



Use of predicted structures from tlireading in 
protein-function prediction 

At present, practical limitations preclude folding a 
entire genome of proteins using ab initio methods 5 
Threading is more appropriate for achieving the requisi 
high-throughput srxueture prediction. Thus, a statu 
ard threading algorithm 58 lias been used to screen ; 



proteins in nine genomes for the dmilfide-oxidoreductase 
active sire described at ove. 

First, sequences due aligned with the structures of 
known disulfide oxidoreductases were identified. Then, 

v . . • .,. ■. .< iv. : ; 

site residues and geometry. For chose sequences 101 
which odier homologs were available, a sequence- 
conservation profile was constructed 13 . If the puutive 
active-site residues were not conserved in die sequence 
subfamily to which the protein belongs, that sequence 
was eliminated. Odierwise, the sequence is predicted 
to have the function. 

Using this sequence-to-structure-to-fiincoon method, 
99% of the proteins in die nine genomes diat liave 
known disulfide-oxidoreductase activity have been 
found. From 10% to 30% more functional predictions 
arc made dun by alternative sequence-based approaches; 
similar results are seen for die ct/p hydrolases 13 . Sur- 
prisingly, in spite of the fact that threading algorithms 
have problems generating good sequence-to-structure 
alignments, active sites arc .often accurate!'/ aligned, 
even for very distant matches. This observation would 
agree with the above experimental results indicating 
that active sites are well conserved in protein structures. 

Importandy, the false-positive rate when using struc- 
tural information is much lower than diat found using 
sequence-based approaches, as demonstrated by a 
detailed comparison of the FFF structural approach and 
die Blocks sequence-motif approach (N. Siew ct ai, 
unpublished). In this study, the sequences in eight 
genomes, including Badlltts subtilis, were analysed for 
disulfide-Qxidoreductase function using the disulfidc- 
coddorcductase FFF, die diioredoxin Block 00194 and 
the gluorcdoxin Block 00195. If we assume that diose 
sequences identified by both the FFF and Blocks 
are 'true positives', we find 13 such sequences in the 
B. subtilis genome. 

There is no experimental evidence validating all of 
these 'true positives' and so they are more accurately 
termed 'consensus positives'. In order to find diese 13 
'consensus positive' sequences, the FFE4nts seven false- 
positives. On the otho hand. Blocks hits 23 disc 
positives (Fig. 3). If was previously suggested diat the 
use of a functional requirement adds information to 
threading and reduces the number of false positives 52 . 
These data, including the data shown in Fig. 3, validate 
this daim on a genome-wide basis. 

Of course, as no genome has had the function of all 
of its proteins experimentally annotated, it is imposs- 
ible to know how many other proteins with the speci- 
fied biochemical function were not properiy identified. 
This is a critical question for researchers attempting to 
predict protein function. Experimental confirmation 
will be needed to validate diis or any odier mediod 
fully. This points out die need for closely coupling 
computational function-prediction algorithms with 
experiments. 

Weaknesses of using the sequence-to-structurc- 
to-Amction method of function prediction 

Based on studies to date, the identification of enzy- 
matic activity requires a model in which die backbone 
pjviSD from native near the active sites is about 4-5 A. 
Predicted models are better at describing die geometry 
in die core of the molecule tlian in the loops and so 
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Figure 1 

The distribution of root-mean-square distributions (RMS0) between the hydrolase 
catalytic triad and an other histidinecontaining triads shows a bimodal distribution 
(a); by contrast the RMSO between a randomly selected (notveatarytic) triad and all 
other histidinecontaining triads has a.unimodal distribution (bj. The His-Ser-Asp 
catalytic trial in the protein-1 gpl (Rp2 lipase} (a] and a random histidinecontaining 
triad from 4pga (gtutarranase-asparaginase) (b) were structurally aligned to aS Ws- 
containing triads in a database of 1037 proteins 23 . Actual a/frhydrolase active sites 
(a) and the 4pga site (b J are indicated by Wue bars; other histidine triads that arc 
not active sites are 'ideated by red bars. None of the sites twj«l by matching to the 
4pga were hydrolase active sites, hset graphs show the fufl distribution. 

predicting the function of a protein whose active site is 
in loops may be a problem. Also, the method can cur- 
rendy only be applied to enzyme active sites; substrate- 
and ligand-binding sites haw not been identified using 
the inexact models. Techniques that will furdier refine 
inexact protein models will he quite useful in taking 
the protein analysis to the next step. 

Conclusions 

Although sequence-based approaches to protein- 
function prediction have proved to be very useful, alter- 
natives are needed to assign the biochemical function 
of the 30-50% of proteins whose function cannot be 
assigned by any current methods. One emerging 
approach involves die scquence-to-stmcturc-to-function 
paradigm. Such structures might be provided by struc- 
tural -genomics projects or by structute-ptedicdon 
algorithms. Functional assignment is made by screen- 
ing the resulting structure against a library of structural 
descriptors for known active rites or binding regions. 



FFF 

© © 

© 




lego 



^5 




Lowest- 
energy 




Higher-energy (incorrect) mooels 




trends in BtotechnolOQy 



Figure 2 

Application of trie disulfideoxidoreductase fuzzy functional form (FFF) to ab initio 
models of glutaredoxin created by the program MONSSTER shows that the FFF can 
distinguish between correctly folded and misfoWed (or higher-energy) models. The FFF 
is shown as two orange balls (representing f.a cysteines) and a blue ball (represent- 
ing the proline). The protein models are shown as magenta wire models v.itlTite active- 
site cysteines and proline shown as yellow and cyan balls, respectively. The FFF dearly 
distinguishes the correct active site in the crystal structure of the gkrtaredoxin lego 
and the correctly folded, lowest-energy model. The FFF does not match to the active 
sites of any of the higher energy, misfolded structures, four of which are shown here. 
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Figure 3 

Analysis of the Bacillus subO'Iis genome using the thioredoxin Block 00194. The Blocks 
scae (computed using the publicty available BUMPS program) is plotted on the x axis- 
and the number of sequences found in each scoring bin is plotted on the y axis. Those 
sequences identified as 'consensus positives' Dderttifkd by both the fuzzy functional 
form (FFF) and the Block) are shown as red bars. One additional sequence found by 
the FFF, which is likely to be a true positive, is shown as a blue bar. All other 
sequences, putative false positives', are shown as yellow bars. Using the Blocks 
score at which all 13 of the 'consensus positives' are found, 23 false positives are 
also found. In its analysis of the B. subrjKs genome, the FFF identifies only seven false 
positives along with the same 13 'consensus positives' (data not shown). 



[Detailed descriptors will only work, ci the experi- 
mentally determined, high-quality structures. Ideally, 
however, the descriptors should work on bodi experi- 
mental structures and the cruder models provided by 
tcrtiary-structurc-prcdiction algorithm'.. 

The advantages of such an approach are that one need 
not establish an evolutionary relationship in order to 
assign function, that more than one function can be 



assigned to a given protein (an issue of imjor impor- 
once, because proteins are multifunctional (Box 1)J 
and, ultimately, diat having a structure can provide 
deeper insight into die biological mechanism of pro- 
tein function ?nd reputation. The disadvantages an? tJmi 
c::- ,:■ cJ.k !.:',< - ; 

tion can be assigned and that the approach is limited to 
those functions associated with proteins with at least 
one solved structure, so that » functional-site descriptor 
can he constructed. 

In this sense, srxueture-to-function assignment can be 
thought of as 'functional threading' - find thp active- 
site match in a library of descriptors for knowji protein 
active sites. This is tlie first step in the long process of 
using structure to assign all levels of function, a goal 
that is made increasingly important with the emergence 
of structural genomics. Based on the progress to date, 
it is apparent that stnicturc will play an important role 
in the post-genomic era of biology. 
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Jigh-throughput technologies im- 
press us almost every week with novel 
global results and big numbers. They of- 
ten rev.eal important general trends that 
are Impossible to realize with classical, 
.low-throughput experimental methods, 
yet (so far) they provide fewer insights 
into specific, molecular detail. Because 
of the amount of data involved, high- 
throughput technologies imply the use 
of bioinformatics methods that deal 
with information transformation, stor- 
age, and analysis. By necessity, most of 
these processes are automated. 

Partly because of the nature of cur- 
rent publication schemes, the accuracy 
and error margins of a given method are 
often only found in small print. It is ob- 
vious that each method has its limits 
and also that during data processing, 
some information will be lost or diluted. 
Because of the current need to integrate 
and add value to data, results from high- 
throughput experiments (if made pub- 
licly accessible) are often taken further 
i^third-partytesearch-that-reiies on the 
quality of these data. Thus, I believe that 
public awareness of error margins for 
high-throughput experimental and 
computational methods should be tn- 
. _aeas€d;.the_lncredlbly valuable data ac- 
cumulating in various heterogeneous 
databases permit powerful analyses but 
should not be overinterpreted. In the 
following discussion^ I will concentrate 
on limits in computational sequence 
analysis, which Is far from being perfect 
(Table I), despite the fact that sequenc- 
ing Itself is highly automated and accu- 
rate, and despite the fact that sequence 
information is described in simple linear 
terms (using a four-letter alphabet). On 

«M*WLIw«fc®«mbl-hel<l«lb«<-g.<U; f-AX 11 -49- 
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average, a 70% accuracy just to predict 
functional and structural features has to 
be considered a success (Table I). 

Limitations in the Total Knowledge 
Base of ??ctein Function — 

As these analysis methods are knowl- 
edge based, one of the reasons for the 
/inaccuracy is that the quality of data in 
/ public sequence databases is still insuffi- 
cient (e.g., Bork and Bairoch 1996; Bha- 
tia et al. 1997; Pennisi 1999). This is par- 
ticularly true for data on protein func- 
"tion. Protein function is loosely defined; 
cellular function is more than the very 
complicated network of individual mo- 
lecular interactions on which it is based 
(Bork et al. 1998). Furthermore, the se- 
mantics for functional features are not 
always established. For instance, the 
notion of a -protein complex" not only 
depends heavily on detection and puri- 
fication methods— which, in turn, are 
constantly evolving— but also on envi- 
ronmental conditions. Protein function ~ 
is context dependent, and both molecu- 
lar and cellular aspects have to be con- 
sidered (for review, see Bork et al. 1998). 

To Illustrate some of this complex- 
ity, a goocUxample is lactate dehydro-^ 
genasef This gene product can act both 
as a dehydrogenase and an eye lens 
structural protein, depending on its con- 
text (for review, see Piatigorsky and 
Wistow 1991). Even without the compli- 
cation of a second, unrelated role for the 
same gene product, do we know enough 
about the function of lactate dehydroge- 
nase, one of the best-studied proteins? 
We know its biochemical pathway (at 
least in human and some model organ- 
isms), its different isoenzymes (in organ- 
isms) with different context-dependent 



properties, its regulation, and the orga- 
nization of its quaternary structure. 
However, we are probably still missing 
much information, even on crucial mo- 
lecular features: Are we sure about alter- 
native splice variants? Can we exclude 
: age^cfepehojnt p<>st-translau6nal modi- 
fications in some tissues? Our knowl- 
edge is even more limited regarding 
higher order functions that involve con- 
centration, compartmental organiza- 
tion, dynamics, regulation, and perhaps 
even the impact of external environ- 
ment. Often, the available data give at 
best some reliable qualitative results on 
functional features but far from a com- 
plete understanding of functionality. 
Yet our ability to annotate genome se- 
quences and translate information 
therein relies heavily oh the summaries 
of features attached. to each sequence in 
the respective public databases. 

Limitations of Gene Expression 
Data Extcapolations 

Mf- •■- s" •"•Bt" ■* • 



As more high-throughput technologies 
follow, the data will become more com- 
plicated than sequences. Novel comple- 
mentary data types such as gene expres- 
sion arrays will generate more func- 
- tionaMnforrnatiorY; but- conclusions _> 
from these data are often stretched with 
regard to protein products. The expres- * 
sion of genes and their reciprocal pro- 
teins seems to correlate weakly, with a 
correlation coefficient of 0.48 (Anderson 
and Seilhammer 1997). Furthermore, re- 
cent studies (Hanke et al. 1999; Mironov 
et al 1999) show that alternative splic- 
ing might affect >30% of the human 
genes, although measurements at the 
protein level have yet to confirm this. 
Finally, the number of known post- 



10:19^-400 O2000 by Cold Sprin 6 Hartxx Labor.kHY f«.-« ISSN Idlltl-'KISlAW SS.OO. ww- 



— " ■; n^'M'.Q'J 



Prediction of 



Human promoters 

Human regulatory UNA elements 
Human genes (only presence) 
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Secondary structure (Three states) 
Buried or exposed residues 
Residue hydration 
protein folds (in Mycoplasma) 
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Cellular localization (two states) 
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translational modifications of gene 
plbdu~ctsTis-increasing constantly -so 
that the complexity at the protein level 
is enormous. Each of these modula- 
tions may change the function of the 
•respective 'gene products drastically. 
(The entire aspect of context-dependent 
gene regulation is excluded from current 
discussions as we are only beginning to 
understand the complex underlying ge- 
netic machinery. For example, promoter 
prediction in eukaryotes has a success of 

only -35% (Table ^ and there are many 
other regulatory elements that we can- 
not predict at ill ) 



Limitations Created by 

Third-Party Analyses 

Public releases of completely sequenced 
genomes exceed a rate of one per 
month, with thousands of function pre- 
dictions therein, Gene' annotationvia 
sequence database searches is already a 
routine job. but even here the error rate 
is considerable (Table 1). The lower limit 
of errors in current functional annota- 
tion of large-scale sequencing pro|ects is 
8% (Brenner 1999). As errors accumulate 
and propagate (Bork and Bairoch 1996; 
Bhatla et al 1997; Smith and Zhang 



1997- Bork and Koonin 1998; Penmsi 
1999) it becomes more difficult to infer 
correct-function Jrom the many p^_ 
bilities revealed by a database search. In- 
creasing these complications is the fact 
that computet programs often cannot 
: even retrieve the source of the.stored in- 
formation (Doerks et al. 1998). 
Use of Complementary Information to 
Limit Errors In Function Prediction 
Some new information can be retrieved 
from completely sequenced genomes 
for example, function can be P^cted 
. by exploitation of genomic context. 
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Based on the observation that, interact- 
ing proteins in one organism sometimes 

have hontf-logs in other organism; fused 
together in a single gene, Marcotie et al. 
(1999a) predicted novel interactions for 
50% of Yeast proteins using gene fusion 
Information. However, they noted an 
overlap with classical methods and an 
error rate of 82%. To see a signal they 
had to correct for domains present in 
many proteins (Marcotte et al. 1999a). 
By considering only orthologs with fis- 
sion and fusion: events (Enright et al. 
1999, Snel et al. 2000), the signal-to- 
noise ratio increases and the number of 
predictions drops dramatically (7% of 
Escherichia coli proteins; Enright et al. 
199.9). With a particular question in 
mind. Does protein X haw infraction 
partners?, the generation of hypothec: 
is extremely useful; yet to provide a gen- 
eral overview of protein function, it is 
advisable to keep the errors small. Fur- 
ther information can be added later, 
which is easier than retracting stored in- 
formation. But how do we incorporate 
the information on error margins? Such 
estimates (sometimes not even the 
sources of the annotation) are not vis- 
ible in current databases that store the 
results of computational approaches. 

Taking the 70% Hurdle 

As noted above, most prediction 
schemes extrapolate from current 
knowl edge, and many bioinformatics 
methods have'difficulty exceeding a 
70% prediction accuracy (numbers in 
Table 1 are often overestimates because 
the test sets used are usually not repre- 
sentative of all sequences). On one 
hand, current methods seem-to capture 
important, features and explain general 
trends; on the other hand, 30% of the 
features are missing or predicted 
wrongly: This has to be kept in mind 



when processing the results further. Also 
the 70% accuracy often attaches: to 

methods-thai doa! with dhctcu- co;c>-t? 
such as sequences; making estimates 
about the prediction of cellular features 
is much more difficult as one first has to 
agree on semantics (or ontology in a da- 
tabase sense) to describe complex pro- 
cesses in a comparable way. 

All of the above focuses on limita- 
tions in the computational prediction of 
qualitative features. There remains a 
long way to go until we are able to de- 
scribe molecular processes quantita- 
tively; current simulations of complex 
. systems are still very rough and simplis- 
tic. However, there is still no doubt that 
sequence analysis is extremely powerful 
and that the generation of hypotheses 
derived by computational methods will 
be more and more often the first success- 
ful step in the design of experiments. If 
70% of such experiments were success- 
ful, the speed of scientific discoveries 
would grow exponentially. 

. The publication costs of this article 
were defrayed in part by payment of 
page charges. This article must therefore 
be hereby marked "advertisement" in 
accordance with 18 USC section 1734 
solely to indicate this fact. 
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Protein 
annotation: 
detective work for 
function ~ 
prediction 



Computer analysis of genome sequences is 
currently one of the essential steps for 
obtaining functional and structural infor- 
mation about the respective gene products. 
Database searches are used to transfer 
functional features from annotated proteins 
to the query sequences. With the increasing 
amount of data, more and more software 
robots perform this task 1 . While robots are 
the only solution to cope with the flood of 
data, they are also dangerous because they 
can currently introduce and propagate mis- 
annotations 2 -*. On the one hand, functional 
information is often only partially transferred 
(underprediction). For example, information. 
Is not usually extracted for each functional 
unit (protein donuin)J>utJust jaken from 
the one-line description ofthe best data-" 
base match (so multifunctionality is rarely 
considered). On the other hand, overpre- 
dictions are common because the highest- 
scoring database protein does not necessarily 
share the same or even similar functions. 



Definition and collection of 
uncharacterized protein families 

To avoid unnecessary propagation of 
poor annotation, we have collected puta- 
tive, poorly annotated proteins that are usu- 
ally labeled as 'hypothetical' or just as 'ORF 
(open reading frame). We operationally 
defined uncharacterized protein families 
(UPFs) to be families of proteins that: (1) 
contain members in at least three taxonomi- 
cally distinct (and phylogenetically 'distant') 
species; and (2) do not contain (to the best 
of our knowledge) biochemically charac- 
terized proteins. 

A collection and classification of these 
proteins should allow: (a) utilization of family 
information and thus a more detailed char- 
acterization; (b) simplification of update pro- 
cedures for the entire families if functional 
information becomes available for at least 



one member, and (c) a careful amKxauon 
of functional features that avoids the pitfalls 
described above; - • 

>,.- v-.v r-«u-. i.v.c s-:-t'i"JC.v.'i:\..: 
projects progress, more and more of the*: 
LTFs emerge in sequence databases. We 
gave high priority to families that contain 
members in at least rwo of the three major 
kingdoms (archae. eubacteria. eukaryotes>. 
• The original family' definition was based 
on significant hits in the statistics provided by 
FASTA ( Ref. * i or gapped BLAST ( Ref. 5 1. 

Annotation of UPFs in SWISS-PROT 
and PROSITE databases 

A serial number has been assigned to 
each UPF and to each of the corresponding 
SWISS-PROT (Ref. 6) entries. A SWISS-PROT 
document file lists all the current UPFs and 
their members in SWSS-PROT. This docu- 
.. ment is-availabb onJhe.SE'WW (Ref. 7). In 
the majority of cases, PROSITE entries 8 have 
already been created to document the 
respective family. Whenever a member of a 
UPF family is biochemically characterized, 
that family ceases to be considered as a UPF 
and is deleted from the list. However, infor- 
mation is provided thai allows its history to 
be traced. For example: 

Family: UPF0002 IDELETED] 
Taxonomic range: Eubacteria 
Comments: Now characterized as a 
family of pseudouridylate synthases 
(EC 4.2.1.70). 

Prototype: RSUA.ECOU (Accession No. 
P33918) 

PROSITE entry: PDOCOQ885 

Function prediction for the UPFs 

The annotation is handled rather con- 
servatively (see below) because functional 
overpredictions are most dangerous given 
the • many .o pportunities for error prop_a- 
"^ti'on in sequence database 2 ^. Neverthe- 
less, we intended to retrieve as many func- 
tional features as possible for each UPF 
using comparative analysis. Thus, each 
UPF was subjected to a variety of sequence 
analysis methods'. In brief, several mem- 
~™bers of "each"UPF"were-compared-with a 



database of non-identical protein sequences, 
daily updated at the EMBL using PSI-BLAST 
(Ref. 5) with a conservative expected ratio 
of false positives (E = 0.001) as a threshold 
for each iteration. Sequences were pre- 
processed by filtering for transmembrane 10 
and coiled-coil regions' 1 . A multiple align- 
ment was constructed for each UPF using 
CtustalX (Ref. 12), If PSI-BLAST did not iden- 
tify a relationship to characterized proteins, 
other iterative methods such as Wisetools 
(Ref. 13) and Most (Ref. 14) were applied. 
They also use family information, that is, 
give more weight to conserved positions 
and so on, but have the advantage that the 
underlying multiple alignments can be 
checked and improved manually (on the cost 
of speed and the "easy to use' feature). 

Finally, all searches were repeated using 
a sequence database that only contained 



sxjuences from entireh-.sequeneed genomes 
to reduce noise effects'". For example, 
PSI-BLAST E-values depend on the database 

.. J,-.'- • ... ,.,.- Lr. r.iifl:t!-c siJ'iificJW 
using a small daialjasCbul becomes insignifi- 
cant if more background noise (unrelated 
or redundant sequences) is added. 

In many cases, the iterations revealed 
she relationship of the UPFs with other pro- 
teins, families or superfamilies. As the main 
focus here was to assign functional features, 
the aerations have not been continued when 
a reasonable prediction, could be made. 
Criteria for the latter were matches to known 
active site patterns ©r conserved motifs 
resembling those in PROSITE as well as the 
positioning of UPF members within phylo- 
genetic trees. Transmembrane regions were 
identified in 13 (22%) of the 58 UPFs. 
although functional predictions for these 
13 have not been made. Of the remaining 
45 UPFs, 25 could be related to proteins 
with annotated functional features (Table 1). 

Pitfalls in function assignments 

The predictions required careful inspec- 
tion of the functional annotations of the 
matched database proteins. To illustrate the 
difficulties, Table 2 shows the result of a 
Blast search for UPF0O02 that includes quite 
a few proteins with annotations (in addition 
to the first hits that are labeled as 'hypotheti- 
cal'). Only one can give a due about func- 
tional features; others are simply wrong, 
misleading or uninformative. 

Another typical assignment error is 
caused_by the sequence similarity of the 
query to a region that is. independent from 
the one that was the basis for the annotation. 
For example, the hypothetical protein HI0722 
(Accession No. P44842, ID: YIGZ_HAEIN), 
a member of the UPFO029 family, shows 
significant similarity to two proteins (Gen- 
~ fianTentnes #12314657 and gil2688341) in 
Helicobacter pylori mi Borrdia burgdorferi, 
respectively, which are wrongly armoured 
as proline dipeptidases (pepQ). The anno- 
tation is based on the N-terminal homology of 
these two proteins with the C-terminal re- 
— gion of proline dipepudase (pepQ) (gil42358)- 
of E.coli, which does not harbor the catalytic 
activity of this enzyme. 

There were even examples in which 
homologs scored best in PSI-BLAST (Ref. 5) 
tfM.dJd.not have the.same catalytic activity 
because active site residues of the charac- 
terized family were not conserved. How- 
ever, there were significantly lower scoring 
homologs with perfect matches of their 
(distinct) catalytic site residues to the query . 
For example, the UPP0046 family has clear 
amino acid similarity to proteases that are 
easily found by PSI-BLAST (Ref: 5) in the 
fourth Iteration; yet, residues involved in 
metal-binding are only shared with a purple 
acid phosphatase family that is only picked 
up in the ninth iteration. The E-value of 
le-5 compared with proteases (E-value of 
5e-78) remain considerably higher in sub- 
sequence iterations. Such instances have 



implications for current function prediction 
prc£airis in wtilch the "ftlticfjoh oT the best 
tut is transferred. Clearly, another gener- 
ation of methods is required that include 
checks for the presence of functionally 
icpiruw r<.'.%i"!v-..i. 

Use of phylogenetic trees 

As most of the database proteins with 
functional annotations were only distantly 
related to members of the UPFs. transfer of 
functional information is extremely difficult 
and arbitrary. Th e majority of UPFs turned 
out to be related to enzymes, and based on 
rhe conservation of the active site residues 
one can assume that at least the Basic cata- 
lytic mechanism remains the same. This, 
howev er, is of little predictive value as some 

.families, e.g. those with the a/B hydrolase 
fold collected in SCOP (Ref. 16) are huge and 
harbor numerous distinct catalytic activities, 
such as lipases, esterases, dehalogeriases, 
peptidases, peroxidases and lyases7'W«have *< 
therefore constructed phylogenetic trees of 
selected members of the UPFs and of 
related, but distinct families that have been 
identified during the analysis (Fig. 1). On 

' some occasions, the UPF members clearly 
clustered with proteins that all performed 
the same function (Fig. la), but in most of 

. the cases the UPFs were of equal distance 
to distinct enzymatic activities (Fig. lb), thus 
not allowing any detailed predictions. 

Although the studied protein families 
were bound to be difficult for function 
predictions because a considerable num- • 
ber of teams were unable to find functional 



TABi£l.l^cjed.AmdlQxuifeatttres fdr.25.UPFs 



UPF No. 


Family size 1 


iTcaictea luncttos - 


02 


70 


... 
Pseuooundylate svnthase 


0-! 

07 


■ -60 
15 


.Su > uiy!tn. : r^:-.:rasc 
Cytidykransferase'' 


08 


30 


ATPase 


09 


40 


GTPase 


10 


10 


Aldose 1-epimerase 


11 


10 


Methyltransferase b 


12 


25 


Nitrilase 


17 


30 


Hydrolase 


19 


15 


Phosphate-binding protein (TIM BARREL) 


20 


iO 


N6-adenine-specific methylase 


21 


50 


ATPase 


26 


30 


Two domain protein :iron/sulfur binding and 






amidotransferase 


30 


10 


Amidotra nsferase 


31 


30 


Sugar kinase 


34 


20 


Pyrimidin-binding.oxidoreductase (TIM BARREL) 


,35 


20 


Mutator mun protein (7,8-dihydro-8- 






*" oxdguaninetxiphosphatase) 


36 


70 


Hydrolase 


37 . 


10 


Oxydoreductase 


38 


35 


ATPase b 


42 


10 


ATPase 


46 


15 


Phosphatase 


49 


50 


N6-adenine-specific methylase 


53 


40 


CBS domain protein 


55 


10 


Glutaredoxin 



"The numbers of family members are approximate because of daily changes in 
databases and loose family definitions. 

b £. coli member also predicted by Koonin et alP (UPF0007: nucleotidyltransferase). 
Abbreviation: UPFs, uncharacterized protein families. 



TabieSZ.- Misleading annotations: PSI-BLAST results for the UPF0002 famlly-(first iteration) 



Ranking Annotation 



Probability Commentary 



1 Gnl I PID I e332795 (Z98268) hypothetical protein (2e-75) 

MTQ125 33 iMycobacterium tuberculosis!... 
4 . SplP33v^3JS^JE|COUSEHg^bT^P^- (le-6T> 



5 GnllPIDlell85138(Z99112) alternative gene Ge-65) 

name: ylmh, similar to hypothetical proteins 
[Bacillus subtilis]... 

JI7 SplQ12362 1 Rffi2_YEAST DRAP DE AMINASE (7e-50) 

>giH078332 l pir ITS50972 RJB2 protein - yeast 



SEHB is a gene-name (suppressor of the 
temperature-sensitivity of ftsbl mutation) 
and does; not give much functional insight 



The homology is not in the catalytic region 
— and~does"norhold~for other deaminases — 



(Saccharomyces cerevisiae) >gi 1 642221 (Z21618) 
DRAP deaminase (Saccharomyces cerevisiae] 
>gi 1 1419887 1 gnl I PID I e252279 (Z74808) ORF 
YOL066c [Saccharomyces cerevisiae] ... 

40 SplP33918iRSUA_ECOUl6S'PSEUDOURIDYLATE (2e-^8) 

516 SYNTHASE (16S PSEUDOURIDINE 516 
SYNTHASE) CURACTL HYDROLYASE) 

41 Sp I Q47417 1 YQCB_ERWCA EXO ENZYME (7e-48) 

REGULATION REGULON ORF1 >gi 1 628643 1 
pir 1 1 S45107 hypothetical protein 1 - Erwinia 
carotovora >gi 1 496598 (X79474) ORF1 (Erwinia 
carotovorah . . 



Funaion prediction based on this protein 



Misleading annotation, operon 
architecture is not conserved between 
species 



Annotations that hamper functional predictions illustrated by the example of the UPF0002 family. Based on the recent experi- 
mental characterization of pseudouridylate synthase 18 , this family has been deleted from the UPF list (see text). Nevertheless, the 
various, pardy contradictory annotations (bold) are extremely difficult to parse for automatic function prediction programs. 
For brevity, the PSI-BLAST results have beeri cut (...). 
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Figure 1. (a) Phylogeneuc trees of selected members of UPF0007 that indicate ajker, 
funaion as UPF0007 members with cytidyltransferase acuv.ties (red) and related 
uridiiyltransferases (blue) are more divergent Cpir database entry, P"Jf«»! P ,r 
daubase entry, pirls49238). (b) No clear enrymaiic activity can be pred.cted for LPF0017 

members: They clearly have the hydrolase fold but have equal *™ 
(red), esterases (green), peptidases (blue) and other hydrolases (pink) ( GenBank enuy 
gill001804). The trees were calculated using CLUSTALX f.Kei. i*;. 



features therein, it is noteworthy that there 
was not a single case in which we were 
able to predict the precise mechanism and 
the substrate specificity. Nevertheless, the 
information about an enzymatic activity and 
the likely reaction mechanisms of the 25 
UPFs should prove usefuJJFor the arfllysisof_ 
upcoming genome sequences. 

Annotation with the right level of 
precision helps in future projects 

In summary, we were able to provide 
some functional annotation for more than 
700 of about 1300 proteins clustered in 25 
of the 58 distinct UPFs. Most of them are 
currently named 'hypothetical protein" so 
that their annotation adds enormous value 
to these sequences. For another 13 UPFs 
currently containing about 250 proteins, 
the presence of transmembrane regions 
was recorded. This annotation is now being 
incorporated into PROSITE and SWISS-PROT 
so thai these features can be assigned to 
newly sequenced genes as well. 

' The difficulties we faced in assigning 
' functions by sequence similarity also indi- 
cate that many of the automatic predictions 
by rnost of the software robots are probably 
_ erroneous. Because of the current policies of 
most of the sequence databases, correction 
of annotations is very hard to realize. Thus, 
there should be a combined effort by the 
daubase teams, the authors of the current 
entries, and the community, to work towards 
a careful functional annotation of all the 
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Protocols are now featured in Technical Tips Online. In addition to r«r-mted 
Ttohnical Tips articles (novtl applications or significant Improvancnto «" J^dsthig 
metlwds) Protocols incorporate all the features that arc currently available In Technical 
TIpsSs: comment facility; links to Medline abstracts; product infonnaUon and so on. 



New Core Protocol articles published recently In Technical Tips Online Include: 
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Mitchell TJ. and Morely. BJ. (1998) Isolation of RNA and analysis by 
northern blotting and primer extension Technical r,ps Online 
(hi!p://www.elsevier.corn/16<aie/no) P01236 
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(5] Alanine Scan Mutagenesis of Chemokines 
By Joseph Hesselgesser and Richard Horuk 

) -. 

Introduction 

Chemokines are a family of chemotactic cytokines that play a critical 
role in the regulation and trafficking of immune cells. 1 Some chemokines 
have also been shown to be suppressive factors 2 of human immunodefi- 
ciency virus type-1 (HIV-1). There are currently three families of chemo- 
kines, grouped according to the arrangement of their invariant cysteines. 
The C-X-C branch in which the first two cysteines are separated by an 
intervening amino acid includes interIeukin-8 (IL-8), melanoma growth 
stimulating activity (MGSA), platelet factor 4 (PF4), and stromal cell 
derived factor-1 (SDF-1). 3 This group is further divided by the presence 
(IL-8, MGSA) or absence (SDF-l, PF4) of an E-L-R motif prior to the 
first N-terminal cysteine, The C-X-C chemokines are generally chemoat- 
tractors and activators of neutrophils, exceptions being PF4, which also 
attracts fibroblasts and monocytes and SDF-l, which is a chemoattractant 
for T cells. The C-C chemokines are chemoattractants and cellular 
activators for monocytes, basophils, eosinophils, and lymphocytes. This 
is the largest family of chemokines and includes the macrophage inflam- 
matory proteins MIP-la and MIP-l/J, RANTES, monocyte chemoat- 
tractant proteins MCP-1 to MCP-4, 1-3.09, and eotaxin. 3 The third sub- 
division of the chemokines is the C branch, which is characterized 
by its only member lymphotactin, in which only two cysteines are con- 
served. 4 

In addition to their normal role in immune cell function, chemokines 
play an important part in a number of autoimmune diseases such as multiple 
sclerosis and rheumatoid arthritis, 3 and chemokine receptors are gateways 



1 T. Schall, in "The Cytokine Handbook" (A. Thompson, ed.), p. 419. Academic Press, San 
Diego, 1994. ' 

2 F. Cocchi, A. L. DeVico, A. Garzino-Oemo, S. K. Arya, R. C. Gallo, and P. Lusso, Science 
-270,1811(1995). - — - 

3 R. Horuk, ed., "Chemoattractant Ligands and Their Receptors." CRC Press, Boca Raton, 
Florida, 1996. 

4 G. S. Kelner, J. Kennedy, K. B. Bacon, S. Kleyensteuber, D. A. Largaespada, N. A. Jenkins, 
N. G. Copeland, J. F. Bazan, K. W. Moore, T. J. Schall, and A. Zlotnik, Science 266, 
1395 (1994). 



METHODS IN ENZYMOLOOY. VOU 287 



Copyright O 1997 by Academic Press 
All rights of reproduction in any form reserved 
007«879/97 $23.00 




60 



C-X-C CHEMOKINES 



[5] 



of infection for HIV-1 and the malaria parasite. 5 " 8 Thus, it is essential to 
understand how chemokines interact with their cellular receptors to pro- 
duce their biological effects to develop therapeutic approaches of inter- 
vention. 



Rationale 

Structure-function relationships between ligands and their receptors 
can be examined in a number of ways. Site-directed mutagenesis, particu- 
larly alanine scan mutagenesis, has been a successful technique for identi- 
fying functionally important residues in proteins. This approach has been 
applied to a number of receptors and ligands as exemplified for human 
growth hormone (hGH), IL-8, MGSA, CXCR1 (IL-8RA), and CXCR2 (IL- 
8RB). 9 " 13 In a variation of alanine scan mutagenesis the charged residues of 
a molecule only are replaced, and thus residues forming ion pairs with 
charged residues in a cognate receptor can be identified. In addition, substi- 
tutions of charged amino acid residues by residues with increasing side- 
chain length or bulkiness can be used to determine what can be tolerated 
for receptor binding. Finally, replacement of hydrophobic residues by ala- 
nine gives a glimpse of important nonaqueous interactions between ligand- 
receptor pairs. 

Site-directed mutagenesis to determine structure-function relationships 
for ligand-receptor pairs is preferred over ligand truncation mutants be- 
cause it minimizes structural modifications to the native molecule. Another 
advantage of site-directed mutagenesis is that, if structural data exist, the 
surface residues of a protein can be substituted in a predictable pattern, 
one at a time or in groups. The substitution of groups of amino acids 

5 H. Choe, M. Farzan, Y. Sun, N. Sullivan, B. Rollins, P. t>. Ponath, L. J. Wu, C. R. Mackay, 
G. LaRosa, W. Newman, N. Gerard, C. Gerard, and J. Sodroski, Cell (Cambridge, Mass.) 
85,1135 (1996). 

— 6 T. Dragic, V. LitwinrG. P. AJIaway, S. R. Martin, T Y. X HuahgTK. ArNagashimarC." 
Cayanan, P. J. Maddon, R. A. Koup, J. P. Moore, and W. A. Paxton, Nature (London) 
381,667(1996). 

7 B. J. Doranz, J. Rucker, Y. J. Yi, R. J. Smyth. M. Samson, S. C. Peiper, M. Parmentier, 

R. G. Collman, and R. W. Doms, Cell (Cambridge, Mass.) 85, 1149 (1996). 
"R. Horuk, Immunol. Today 15, 169 (1994). 
9 B. C. Cunningham and J. A. Wells, Science 244, 1081 (1989). 
10 C. A. H6berl, R. V. Vitangcol, and J. B. Baker, J. BioL Chem. 266, 18989 (1991). 
"J. HesselgesseT, C. Chitnis, L. Miller, D. J. Yansura, L. Simmons, W. Fairbrother, C. Kotts, 
C. Wirth, B. Gillece-Castro, and R. Horuk, J. Biol. Chem. 270, 11472 (1995). 

12 C A. HSben, A. Chuntharapai, M. Smith, T. Colby, J. Kim, and R. Horuk,/. BioL Chem. 
268, 18549 (1993). 

13 S. R. Leong, R. C Kabakoff, and C A. Hebert, /. BioL Chem. 269, 19343 (1994). 
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from IL-8 with those from MGSA to produce a hybrid protein capable of 
exhibiting high-affinity binding to CXCR1 (native MGSA binds only with 
low affinity) provides an excellent example of the utility of this technique 
in helping to identify domains of IL-8 that are responsible for receptor 
specificity. 14 A further example of the application of alanine replacement 
is BB-J0010, a variant of MIP-la, that has a single substitution Asp to Ala 
at position 27. 15 This substitution results in a molecule that is fully active 
but does not form the extremely high molecular weight multimers that 
the wild-type chemokine does. BB-10010 has thus found favor in clinical 
situations in which patients undergoing chemotherapy can be dosed with 
high concentrations of the chemokine without fear of aggregate formation 
that could reduce its efficacy. 



Protocols 

Expression Systems 

Recombinant expression in Escherichia coli is one of the most common 
methods for producing chemokines. 16 " 19 A number of vectors have been 
described including the pET-3 and PET-11 series, from Stratagene (La 
Jolla, CA). These are generally used in combination with a BL21(DE3) E. 
coli strain (Strategene) that contains T7 RNA polymerase under the control 
of lacUV5. This expression system allows genes placed downstream of the 
RNA polymerase binding site (in pET vectors) to be expressed on addition 
of isopropylthiogalactoside (IPTG). Upstream cloning of a signal sequence, 
prior to the chemokine gene, such as human growth hormone (hGH) or 
heat-stable enterotoxin II (hstll) 11 has been shown to aid in the expression 
of a soluble secreted protein. 

Once an appropriate vector construct has been made with the chemo- 
kine gene of interest, site-directed mutagenesis can be performed to gener- 
ate a variety of clones. The site-directed alanine substitution mutants can 

" H; ' B -^ 0Wn,an ' R H - Sb e». L E. DeForge, C. M, Winh, B. L. Gillece-Caslro, J. H Bourell 

and W. J. Fairbrother, /. Biol. Chem. 271, 14344 (1996). 
"M. G. Hunter. L. Bawden, D. Brotherton, S..Craig, S. Cribbes, L. G. Czaplewski, T. M 
„ A - H Drun «n<M>d, A. H. Gearing, and C M. Heyworth, Blood 86, 4400 (1995) 

L Undley, H. Aschauer, J.-M. Seifert, C. Lam. W. Bninowsky, E. Kownatzki, M. Thelen 

U.S.A. 85, 9199 (1988). 

" R. Horuk, D, G. Yansura, D. Reilly, S. Spencer, J. BoureU, W. Henzel, G. Rice, and E. 

Unemon, /. BioL Chem. 268, 541 (1993). 
|* M. C. N. Johnson el at., J. BioL Chem. 271, 10853 (1996). 
19 J. Zagorski and J. E. DeLarco, Protein Expression Purif. 5, 337 (1994). 
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be made by constructing oligonucleotide probes that cover the desired 
mutation followed by polymerase chain reaction (PCR) to fill in the rest 
of the chemokihe gene sequence. There are-a variety of kits available from 
several companies that use similar, simple, and easy-to-follow methods 
to insert the desired mutations. These kits include the Transformer Site- 
Directed Mutagenesis Kit (Clontech, Palo Alto, CA) and the Chameleon 
Double-Stranded Site-Directed Mutagenesis Kit (Stratagene). The basic 
principle behind these kits is illustrated in Fig. 1. With these bacterial 
expression systems it is simple to produce small amounts of proteins using 
1-liter shake flasks; alternatively, this process can be scaled up to larger 
10- to 20-liter fermentation runs to produce gram quantities of protein. In 
general, chemokines can be produced as secreted, fully folded proteins, 11,17 
but sometimes problems with folding and also with the generation of 
N-terminal addition mutants can occur (see Horiik et a/. 19a for a discussion). 

Chemokines have also been produced in mammalian expression sys- 
tems. 20 A variety of cell lines, such as human kidney 293 cells, Chinese 
hamster ovary (CHO) cells, and COS cells, can be used. Mammalian expres- 
sion vectors are generally larger than E. coli vectors, with viral promoters 
and enhancers (pSI, pCI, and pCI-neo from Promega, Madison, WI; 
pcDNA3 from Invitrogen, San Diego, CA; or pPUR from Clontech). The 
use of an upstream signal sequence, such as hGH, CD4, or human immuno- 
globulin (Ig), can greatly enhance the production of a soluble secreted 
protein. A major advantage of mammalian expression is that the secreted 
protein is usually correctly folded. In addition with the introduction of 
defined, nonserum-containing medium (HyQ-CCM 1 to 5, Hyclone, Logan, 
UT, and CHO-S-SFM II, GIBCO-BRL, Grand Island, NY) downstream 
purification steps are easier, and there is less risk of contamination with 
lipopolysaccharide (LPS), which is frequently a problem with E. coli expres- 
sion systems. 



Peptide Synthesis 

An alternative to protein expression that has found increasing use for 
the generation of chemokine mutants is peptide synthesis. Although this 
can be an expensive process ($20/amino acid plus purification), it is quick 
compared to expression methods. For a discussion of peptide synthesis of 
chemokines see Clark-Lewis et al. 10i 

"■R. HoruJc, D. Reilly, and D. Yansura, Methods EnzymoL 287 [1], 1997 ((his volume). 
ffl E. Balentien, J. H. Han, H. G. Thomas, D. Z. Wen, A. K. Samantha, C O. Zachariae, 

P. R. Griffin, R. Brachmann, W. L. Wong, K. Matsushima, and R. Derynck, Biochemistry 

29, 10225 (1990). 

201 1. Clark-Lewis, L. Vo, P. Owen, and J. Anderson, Methods EnzymoL 287 (16], 1997 
(this volume). 
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Fia7irStrMegyt6r~phCTation~of aIanirie"scan"mutantsr(l)"Denarare thedoubleistrandEd" 
plasmid DNA. Anneal the two oligonucleotide primers, tbe R primer altering a unique 
restriction site and the M primer containing the mutation codon. (2) Perform primer extension 
using dNTPs and T7 or T4 DNA polymerase and ligation with T4 DNA ligase. Digest DNA 
with restriction enzyme for unique site. Renature DNA to result in a mixture of linear and 
plasmid DNA. Transform into E. coli strains [BMH 71-18 mutS (Clontech) or XLmutS 
(Stratagene)] that are unable to perform DNA mismatch repair. (3) Recover plasmid DNA 
(Plasmid Mini Kit, Qiagen, Chatsworth, CA>. (4) Perform second digestion with restriction 
enzyme. Transfect into E. coli and recover final plasmid. Sequence the mutated gene to verify 
the correct sequence. 
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Purification 

Most chemokines are very basic proteins with isoelectric points between 
pH 8.0 and 10.5. In contrast most E. coli and serum proteins from mamma- 
lian cell expression have acidic isoelectric points. Thus chemokines can be 
purified at neutral pH by a combination of S-Sepharose, heparin-Sepharose, 
and hydrophobic interaction (phenyl-Sepharose) chromatography (see 
Horuk et a£ 19a ). This procedure coupled with reversed-phase high-perfor- 
mance liquid chromatography (HPLC) can give chemokines that are >95% 
pure based on silver staining sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and amino acid composition. 11 Soluble 
chemokine supernatants from E. coli or mammalian cell supernatants can 
be purified by this method. Alternatively, the construction of expression 
plasmids containing nucleotides encoding hexahistidine, FLAG peptide, 
glutathionine, or immunoglobulin sequences engineered into the cDNAs 
of specific chemokines can greatly aid in their purification. 21 - 23 The protein 
epitope can be engineered into the amino- or carboxyl-terminal region of 
the molecule (the position is largely dependent on the maintenance of full 
biological activity). 

Biological Activity 

Once wild-type and mutant chemokine proteins have been generated 
and purified they are usually analyzed by receptor-binding and biqactivity 
studies to determine structure-function relationships. For receptor-binding 
studies, a wide variety of radiolabeled chemokines are available commer- 
cially (Dupont NEN, Boston MA; Amersham, Arlington Heights, IL) or 
can be iodinated. 23 " Binding assays can be carried out on whole cells or ., 
membranes prepared from cells that express the appropriate chemokine 
receptors. Scatchard analysis of the binding data can then be used to deter- 
mine the relative receptor-binding affinity of the mutant chemokine, which 
is defined as the K p of the wild-type/ K D mutant x 100%. Biological assays 
"foTchemoB^ 

one biological assay that is used as a standard is chemotaxis. All chemokines 
induce a migratory response in target cells that express functional G-pro- 
tein-coupled chemokine receptors. In addition, a primary response to li- 

31 H. M. Sassenfeld, Trends BiolechnoL 8, 88 (1990). 

32 A. S. Robeva, R. Woodard, D. R. Luthin, H. E. Taylor, and J. Linden, Biochem. Pharmacol 
51, 545 (1996). 

23 A. Kuusinen, M. Arvola, C. p-ker-Blom, and K. Keinanen, Eur. J. Biochem. 233, 720 (1995). 
231 G. L. Bennett and R. Horuk, Methods EnzymoL 288 [10] (1997). 
234 D Baly, U. Gibson, D. Allison, and L. DeForge, Methods EnzymoL 287 [<], 1997 (this 
volume); R. C. Newton and K. Vaddi, Methods EnzymoL 287112], 1997 (this volume). 
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gand-receptor binding is the induction of the intracellular release of calcium 
stores. Calcium flux assays are also popular methods of assessing chemo- 
kine function. 230 



Applications 

The following section gives an outline for the specific production of 
alanine scan mutants of MGSA that have been generated to probe struc- 
ture-function relationships of the chemokine receptors CXCR2 and duffy 
antigen receptor for chemokines (DARC). 11 This approach is useful in 
generating a mutant of MGSA, E6A, that is able to inhibit malaria parasite 
invasion of human erythrocytes by receptor blockade of the receptor DARC 
but is a very poor agonist of the CXCR2 receptor on neutrophils. 

Plasmid Construction 

Plasmid construction and mutagenesis are achieved by a combination 
of vectors and kits described above (see also Fig. 1) and are illustrated 
with reference to the MGSA mutants. The pMG34 E. coli secretion vector 
has been previously described. 17 This vector contains the hstll signal se- 
quence to aid in secretion of the chemokine and an alkaline phosphatase 
promoter that is induced when the E. coli cells are grown in a low phosphate- 
containing medium. 24 The MGSA gene sequence is fused to the hstll se- 
quence as described. 17 The resulting plasmid contains an £coRI site 5' to 
the MGSA gene and a BsaJl site 3' to the MGSA sequence. For each 
mutant the entire MGSA gene is synthesized (-219 bases) to include the 
respective codon changes for the amino acid substitution. Double-stranded 
DNA is synthesized by the use of an AmpliTaq DNA Polymerase kit 
(Perkin-Elmer, Roche Molecular Systems, Branchburg, NJ) with appro- 
priate amounts of DNA and polymerase per the manufacturer's specifica- 
tions. DNA is purified by the use of QIAquick Nucleotide Removal Kit 
(Qiagen, Ghatsworth r GA) per-the-manufacturer-s specifications. 



The MGSA DNA and pMG34 vector are cut separately with £c<?RI 
restriction endonuclease (New England Biolabs, Beverly, MA) in 50 mM 
NaCl, 10 mM Tris-HCl, 10 mAf MgCl 2 , 1 mM dithiothreitol (DTT) at 37" 
for 2 hr. The temperature is then raised to 65° for 20 min to inactivate 
EcoUl followed by addition of BsaJl endonuclease (New England Biolabs). 
The mixture is then incubated at 60° for 2 hr. This results in EcoRl over- 
hangs with the MGSA DNA and cleaved plasmid. The DNA mixture is 

S. R. McColl and P. H. Naccache, Methods EnzymoL 288 [18] (1997); K. B. Bacon, Methods 
Enzymol 288 [22] (1997). . 
u C. N. Chang, M. Key, B. Bochner, H. Heyneker, and G. Gray, Gene 55, 189 (1987). 
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purified by the QIAquick kit as above. The mutated MGSA DNA is then 
ligated into the vector by the use of T4 DNA ligase (20 units, 0.3. Weiss 
units; New England Biolabs) in 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 
10 mM DTT, 0.5 fiM ATP, 25 /ig/ml bovine serum albumin (BSA), 200 
ng vector, and 100 ng insert at 16° for 16 hr at a final volume of 20 /il. 
Ligase activity is stopped by heat inactivation at 65° for 20 min. 

The plasmid is transfected into E. coli by the CaCl 2 /heat shock method 
and grown in LB broth with 50 ,i.g/ml carbenicillin. The plasmid is recovered 
from the E. coli by the use of Qiagen Plasmid Mini Kit as above. Finally, 
the plasmid is sequenced through the entire gene and restriction sites to 
verify the correct orientation and nucleotide sequence. Following plasmid 
recovery and sequencing, the plasmid is transformed into E. coli, cells are 
grown overnight in low phosphate medium, and the MGSA is purified 
as described." 
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Studies with Melanoma Growth Stimulating Activity Mutants 

Because MGSA binds with high affinity to the chemokine receptors 
CXCR2 (IL-8RB) and DARC, 26 - 27 receptor-binding studies with the MGSA 
mutants are carried out in cells expressing these receptors. Cells are incu- 
bated with 125 Mabeled MGSA in the absence and presence of unlabeled 
MGSA or MGSA mutants; typical competition binding curves are shown 
in Fig. 2. The E6A mutant of MGSA is able to bind with high affinity to 
DARC (K D = 7 nM compared to K D = 3.5 nM for MGSA), but in contrast 
binds with low affinity to CXCR2 (X D = 476 nM for E6A compared to 
K D = 2.3 nM for MGSA). In contrast, the R8A mutant exhibits low-affinity 
binding to both receptors (for CXCR2 K D = 850 nM and for DARC 
K D = 157 nM). Thus, the Arg-8 residue of MGSA appears to be crucial 
for expression of high-affinity binding for both receptors. 
^In-light-of-the-binding-data-obtained-for-the-E6A-and_R8A_mutants, 

functional assays are carried out both with DARC and with CXCR2. DARC 
is known to be a cofactor for the invasion of human erythrocytes by the 
malarial parasite Plasmodium vivax 2 * and the related monkey parasite 
Plasmodium knowlesl 19 The C-X-C chemokines IL-8 and MGSA have 

25 M. Mandel and A. Higa, / Mol Biol. 53, 159 (1970). 

M J. Lee, R. Horuk, G. C. Rice, G. L. Bennett, T. Camerato, and W. 1. Wood, J. Biol. Chan. 

267,16283(1992). „ 
27 R Homk, C. E. Chitnis, W. C Darbonne, T. J. Colby, A. Rybicki, T. J. Hadley, and L. H. 

Miller, Science 261, 1182 (1993). 
a L. H. Miller, S. J. Mason, D. F. Clyde, and M. H. McGinniss, N. Engl J. Med. 295, 302 (1986). 
2 ' L. H. Miller, S. J. Mason, J. A. Dvorak, M. H. McGinniss, and I. K. Rothman, Science 189, 

561 (1975). 
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Fto. 2. MGSA. competition binding studies. Competition binding was studied between 
l2S I-MGSA and increasing concentrations of unlabeled MGSA mutants E6A and R8A for 
(A) human erythrocytes and (B) human kidney cells transfected with CXCR2. Cells were 
incubated 1 hr at 4° with ,25 I-MGSA in the presence of increasing amounts of the unlabeled 
MGSA mutants. (Adapted from Ref. 11 with permission.) 
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Fig. 3. Inhibition of erythrocyte invasion by P. knowlesi by MGSA and MGSA mutants. 
The invasion rales are expressed as a percentage of the rate of invasion in the absence of 
chemokines. Inhibition of invasion EC 50 values are as follows: MGSA, 7 nM; E6A, 8.6 nM; 
R8A, >1 nM. (Adapted from Ref. 11 with permission.) 

been shown to dose-responsively inhibit both parasite binding and inva- 
sion. 27 Thus, the ability of MGSA and the MGSA mutants E6A and R8A to 
block P. knowlesi invasion of human erythrocytes is assessed as previously 
described. 11 As shown in Fig. 3 the E6A MGSA mutant is able to block 
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Fig. 4, MGSA and MGSA mutant stimulation of elastase release from human neutrophils. 
The ECjo value is defined as the concentration of MGSA or mutant required for half-maximal 
release of elastase from neutrophils. (Adapted from Ref. 11 with permission.) 
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malarial parasite invasion in a dose-responsive manner similar to wild-type 
MGSA (for MGSA EQ 0 = 7 nM, for E6A EC50 = 8,6 nM). However, in 
line with the change in binding affinity of R8A to DARC, the R8A mutant 
is unable to block malarial invasion at concentrations up to 1 fiM: 

The mutants are then tested for biological activity on neutrophUs, which 
express CXCR2, using elastase release assays. The data from the elastase 
release assay (Fig. 4) clearly show that the MGSA mutants E6A and R8A 
are biologically inactive (EC 50 10 nM) compared to wild-type MGSA (EC50 
8 nM). Thus, the use of alanine scan mutagenesis of MGSA has allowed 
us to identify an MGSA mutant, E6A, that can block malarial invasion of 
human erythrocytes but will not activate neutrophils, properties that may 
be useful therapeutically in the design of small molecules that inhibit eryth- 
rocyte invasion by P. vivax but have no effect on neutrophils. 
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Conclusion 

The example of alanine scan mutagenesis described for MGSA clearly 
illustrates the powerful nature of this technique not only for identifying 
specific residues involved in the binding of ligands to their native receptors 
but also for generating potentially useful drugs. Because chemokines and 
chemokine receptors play an important role in a variety of acute and chronic 
diseases, the use of alanine scanning mutagenesis to accurately define recep- 
tor binding domains could aid in the design of molecular antagonists that 
would be useful therapeutically. 
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Introduction 

Chemokines play a major role in mobilizing leukocytes to. ward off 
attacks by invadingpathogens. 1 Each of the two major classes of chemokines 
is selective for a particular group of immune cells. In this chapter, we discuss 
the assays available to measure the biological activities of one of these 

' T. Schall, in "The Cytokine Handbook" (A. Thompson, ed.). p. 419. Academic Press, San 
Diego, 1994. 
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Abstract 



Airway hyper-reactivity is a characteristic feature of many inflammatory lung diseases and is 
defined as an exaggerated degree of airway narrowing. Chemokines and their receptors are 
involved in several pathological processes that are believed to contribute to airway hyper- 
responsiveness, including recruitment and activation of inflammatory cells, collagen deposition 
and airway wall remodeling. These proteins are therefore thought to represent important 
therapeutic targets in the treatment of airway hyper-responsiveness. This review highlights the 
processes thought to be involved in airway hyper-responsiveness in allergic asthma, and the 
role of chemokines in these processes. Overall, the application of chemokines to the prevention 
or treatment of airway hyper-reactivity has tremendous potential. 

Keywords: asthma, eosinophils, fibrosis, T ceOs 



Introduction - 

One of the key features of pulmonary diseases such as 
allergic asthma, cystic fibrosis and chronic obstructive pul- 
monary disease is the development of airway hyper J 
responsiveness (AHR) [1-3], The factors involved in the 
development of AHR seem to differ between diseases, so 
for clarity this review will focus on the development of 
AHR during allergic asthmatic disease. In the context of 
asthma, AHR equates to an exaggerated bronchoconstric- 
tor response, not only to allergens to which the subjects 
are sensitized, but also to a range of non-specific stimuli, 
including agents as diverse as cold air and methacholine. 



Under normal-conditions,- airway-reactivity, the-ability to 
alter the size of the airways reversibty in response to 
stimuli, is an essential component of homeostasis. For 
example, when there is a need to move large volumes of 
air, such as with exercise, bronchial dilation occurs. Con- 
versely, when it is important to limit or decrease the 
volume of air inspired, such as with exposure to irritating 
gases, the lung defends itself with coughing and bronchial 
narrowing. When this response is excessive, it is referred 
to as airway or bronchial hyper-reactivity or hyper-respon- 
siveness (AHR) and manifests itself as an exaggerated 
bronchoconstrictor response to various provocative 



AHR = airway hyper-responsiveness; BALF = broncho alveolar lavage fluid; CCR = CC chemokine receptor, CXCR = CXC chemokine receptor, 
FEV, = forced expiratory volume over 1 s; fl. = inteiteuton; LTC 4 = leukotriene C 4 ; MCP = macrophage chemoattractant protein; MIP = macrophage 
inflammatory protein; PC, 0 = provocative concentration; PD ao =■ provocative dose; Th cells, T hekwr cells. 
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Tablet 


Chemokine receptors and their llgands 


UAU UIHIIUIUllo lW*op(Ulv 






CCR1 : M1P-1 a, RANTES, MCP-3, MIP-8 


CXCR2: IL-8, GCP-2, GROa,pVy, ENA-78 


CCR2: MCP-1 toMCP-5 


CXCR3:IP-10,MIG,ITAC ) 


CCR3: Eotawn, MCP-3,4, RANTES 


CXCR4: SDF-1 


CCR4:TARC,MDC 


CXCR5: BCA 


CCR5: MIP-1 a, RANTES, MIP-1 B 




CCR6:LARC,MIP-3a 




CCR7:SLC,MIP-3B 




CCR8: W09, TARC, MIP-1 B 




CCR9: MlP-1a,B, MCP-1 , MCP-5 




CCR1 0: SLC, LARC, BLC-1 , ESWne 




CCR1 1 : MCP-1 to MCP-5, eotaxin 



GCP-2, granulocyte chemotactic protein-2; GRO, growth-related oncogene; IP-10, ymterferon-inducible protein 10; MIG immokine-induced by 
-f interferon; TARC = T cell and activation-related chemokine; SLC = secondary lymphoid tissue chemokine; SDF-1 , stromal cell-derived (acton 
BCA, B-ceD chemoatlractant; ENA epithelial cell-derived neutrophil-actrvating factor; RANTES, regulated upon actjvatjon normal T ceB expressed 
and secreted; ITAC, interferon-inducible T cell a chemoattractanL 



agents. Measurements of AHR have traditionally been 
used to identify individuals who are at risk of developing 
asthma or related illnesses. The essential feature to these 
tests is to provide stimuli of varying intensity, such as 
methacholine, to the airways of the individual and record 
the decrease in lung function that develops. The resulting 
stimulus-response curve that develops is then analyzed to 
determine the quantity of agent required to produce a 
given degree of obstruction as measured by various spiro- 
metry or plethysmography variables. Such changes are 
usually expressed as a percentage decrease in forced 
expiratory volume over 1 s (FEV,). The three variables that 
are most often examined in quantifying the magnitude of 
the response are the concentration of an agonist that 
induces a fixed decrease in lung function (ie a 20% 
decrease in FEV,), the slope of the dose-response curve, 
and the dose at which a plateau can be produced. Typi- 
cally, the response is expressed as either a provocative 
dose (PD 20 ) or a provocative concentration (PC 20 ). 

How this hyper-responsive state is acquired is poorly 
understood; however, in general, as the disease process 
becomes more severe the airways become more respon- 
sive. At present it is believed that AHR can result from the 
coordination of several mechanisms, some or all of which 
might be operative in individual asthmatics. In asthma a 
relationship seems to exist between the inflammatory state 
of the airways and the severity of hyper-responsiveness. In 
addition, airway remodeling, including smooth muscle 
hyperplasia/hypertrophy, collagen deposition and sub- 
epithelial fibrosis, might contribute to the development of 
AHR [4-6]. Because recent work in the field of chemokine 



biology has highlighted a role for these proteins in many of 
these inflammatory processes, chemokines might be inti- 
mately involved in the initiation and maintenance of AHR. 
In this regard, chemokines could be attractive therapeutic 
targets for the treatment of pulmonary disease with an 
AHR component, in particular asthma. 

Introduction to chemokines 

During the past decade, our understanding of the mecha- 
nisms involved in the initiation and maintenance of pul- 
monary disease has been greatly aided by advances in the 
field of chemokine biology. Chemokines comprise four 
supergene families, classified into groups on the basis of 
the number and arrangement of conserved amino acid 
sequences at the N terminus. Two of these families {the CC 
and CXC chemokine groups) contain over 50 identified 
-ligands and at least 14 -individual-receptors-(Table-1).-Two- 
additional chemokine families (C and CXgC chemokines) 
are small and contain, respectively, rymphotactin and 
fractalkine as their members. Recent knowledge of this 
superfamiry has grown significantly as a result of the avail- 
ability of large databases of expressed sequence tags and 
bioinformat'ics [7]. Furthermore, characterization of these 
chemokines in vivo has identified multiple roles within 
inflammation, including the regulation of leukocyte traffick- 
ing, the immunomodulatkm of leukocyte activation, fibrosis, 
angiogenesis, hematopoiests and organogenesis [8]. 

The biological effects of chemokines are mediated by the 
interaction of these soluble proteins with specific receptors, 
which belong to the superfamiry of seven-transmembrane 
G-protein-coupled receptors. So far, 11 CC chemokine 
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receptors, five CXC chemokine receptors, one CXgC 
chemokine receptor and one C chemokine receptor have 
been characterized [7,9]. Chemokine receptors exhibit mul- 
tiple ligand specificity, although the chemokine-ligand 
promiscuity does not usually cross the boundaries between 
CC and CXC, except for the promiscuous duffy antigen 
receptor complex that is believed to act as a sink for 
unbound chemokines. Chemokine receptor distribution on 
leukocytes confers selective chemoattractant activities for 
leukocyte subsets, making them ideal candidates for a role 
in leukocyte subset trafficking at sites of inflammation; that 
is, getting the correct subpopulation of cells to migrate into 
the tissue. Whereas CXC chemokines such as interleukin-8 
(IL-8) activate predominantly neutrophils, CC chemokines 
such as RANTES and eotaxin target a variety of cell types 
including macrophages, eosinophils and basophils. 
However, controversial results have been published regard- 
ing this distinct chemokine receptor profile on leukocytes, 
particularly in allergic diseases. It has been shown recently 
that, after the appropriate stimuli, the CC chemokine recep- 
tors CCR1 and CCR3 can be expressed on neutrophils, 
indicating a wider role for CC chemokines than mononu- 
clear cell activation and recruitment [10,11]. Furthermore, 
both the CXC chemokine receptors CXCR1 and CXCR2 
have been identified on eosinophils in addition to neu- 
trophils [12]. However, chemokine receptor expression is 
not limited to inflammatory cells. It is interesting to note that 
structural cells such as epithelial cells, endothelial cells, 
smooth muscle cells and fibroblasts also express 
chemokine receptors and are able to produce chemokines; 
they are therefore capable of contributing to a wide range of 
biological functions [13-1 5). 

Once chemokines are released, they can have profound 
and longlasting biological effects both in the microenviron- 
ment of their release and at distant sites These effects, 
including leukocyte recruitment and activation, smooth 
muscle proliferation, regulation of collagen deposition and 
coordination of fibrosis, might have key individual roles in 
the establishment and maintenance of AHR [4,5]. 

Chemokines and leukocyte recruitment in AHR 

Studies in both animals and humans have demonstrated a 
positive correlation between the inflammatory state of the 
airways and the severity of AHR. However, because the 
type and cause of this inflammation, as well as the extent 
and consequences of the inflammatory process, vary 
between different diseases exhibiting AHR (Table 2), the 
direct contribution of individual cell types or chemokines 
to AHR is not yet clearly understood. As discussed above, 
the distinct pattern of chemokine receptors on leukocytes 
means that chemokines can exert effects on particular 
leukocyte subsets. Therefore, the selective recruitment of 
leukocytes to sites of inflammation in these diseases is 
strongly influenced by the temporal pattern of chemokine 
expression. 



Table 2 



Cellular Infiltrate In the airway wall In asthma and chronic 
obstructive pulmonary disease ■ 



Asthma 


Chronic obstructive pulmonary disease 


T lymphocytes, CD4 


T lymphocytes, COS 


CD25 . 


C025, VLA-1 


Eosinophil 


Mild eosinophil 


Activated eosinophils 


Non-activated eosinophils 


Mast cells 


Mast cells 


Neutrophils 


Neutrophils 




Macrophages 



Eosinophil recruitment and AHR 

Lung eosinophil is a fundamental trait of allergic asthma, 
and infiltration of the airways by eosinophils seems to be 
central in the pathogenesis of this disease [16-18]. 
Eosinophils and their products have been identified in 
sputum, bronchoalveolar lavage fluid (BALF) and biopsy 
material of the airways of patients with asthma. Further- 
more, the number of these cells and the amount of their 
products correlate with the severity of airway reactivity 
[1 6,17,19,20]. 

Eosinophils contribute to the development of AHR 
through the activation, degranulation and release of pro- 
teins and oxidative products stored in their granules. 
These proteins include major basic protein (MBP), 
eosinophil cationic protein (ECP), eosinoph'il-derived neu- 
rotoxin (EDN) and eosinophil peroxidase (EPO). In addi- 
tion, eosinophils generate oxidative products and lipid 
mediators, including platelet-activating factor and 
leukotriene C 4 (LTC^. The generation of these cytotoxic 
products can cause extensive tissue damage and enhance 
the accumulation of inflammatory cells. Damage to airway 
epithelium appears to correlate with airway hyper-reactivity 
because the loss of epithelium leads to the exposure of 
'irritant' "recepToTs of Tra^ 
response of the airways to various stimuli. 

Several chemokines, including macrophage chemoattrac- 
tant protein (MCP)-3, macrophage inflammatory protein 
(MIPMot, MCP-4, RANTES and eotaxin, elicit the migra- 
tion of eosinophils [21-23] and can confer some degree 
of selectivity on eosinophil recruitment Specifically, 
eotaxin, a potent activator of eosinophils and T helper 2 
(Th2) lymphocytes, interacts with CCR3 expressed on 
eosinophils [24-28] to cause both degranulation and 
chemotaxis of eosinophils [29,30]. Elevated levels of 
eotaxin detected in the sputum of asthmatics has been 
shown to be correlated with increased eosinophil numbers 
and eosinophil cationic protein levels [31]. In several 
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murine models of asthma, a pronounced lung eosinophilia 
was associated with an increase in eotaxin expression; a 
neutralizing antibody against eotaxin significantly inhibited 
eosinophil infiltration after antigen challenge and 
decreased AHR in these animals [28]. Contrasting effects 
on eosinophil recruitment and AHR have been demon- 
strated in eotaxin gene-deficient mice, possibly owing to 
the presence of the other, repently identified, CCR3-spe- 
cific ligands eotaxin-2 and eotaxin-3 [32,33]. In addition to 
eosinophil chemotaxis and activation, eotaxin, in combina- 
tion with IL-5, has been shown to mobilize eosinophils 
from the bone marrow, thereby increasing circulating 
numbers of eosinophils within the blood [34]. However, 
eotaxin is not the only chemokine able to modulate 
eosinophil accumulation within the lung. Murine models of 
allergic inflammation have shown the movement of 
eosinophils during the early stages of asthma to be depen- 
dent on RANTES and MIP-1 a, whereas eotaxin has been 
shown to be necessary for eosinophil accumulation during 
chronic stages of the response [35,36]. Therefore, to 
target chemokines for therapeutic intervention effectively it 
is essential to understand the temporal pattern of 
chemokine releasa 

Chemokine-induced recruitment of Th2 cells 
and AHR 

In addition to eosinophils, T cells constitute a large propor- 
tion of the inflammatory cells within the lungs of asthmat- 
ics. Indeed, T-cell-mediated immune responses are 
believed to be important contributors to AHR in asthmatic 
patients through the release of chemokines and cytokines 
that enhance lung inflammation, favor the production of 
IgE, activate eosinophils and mast cells, and directly 
enhance AHR [37-39]. The observation that T cells have 
a role in AHR is supported by findings that the transfer of 
T cells from a hyper-responsive mouse strain into a hypo- 
reactive strain induces non-specific airway reactivity [40]. 
Furthermore, a characterization of lymphocyte populations 
in asthmatics and non-asthmatics has demonstrated differ- 
ences in T cell subtypes in biopsy specimens and BALF 
f rom patients with a sthma : in asthmatics, signif icantly 
higher numbers of Th2-type cells were seen than in 
control subjects, whereas there was no difference in the 
number of Th1-type cells [41]. Th2-type cells can be dis- 
tinguished by the profile of cytokines that they produce, 
such as IL-4, IL-1 3 and IL-5, which favor the production of 
IgE and the growth and activation of eosinophils and mast 
cells, in addition to enhancing AHR in vivo [37-39]. 

Although lymphocytes have long been known to accumu- 
late at sites of immune and inflammatory reactions, attrac- 
tants that induce these responses have been identified 
only recently. RANTES, MIP-1 a and MIP-1 p were the first 
chemokines for which fymphocyte-chemotactic activity 
was reported. The monocyte-chemotactic proteins (MCP- 
1, MCP-2, MCP-3 and MCP-4) are also potent attractants 



of T lymphocytes. Gonzalo et al [28], using neutralizing 
antibodies directed against MCP-1 or MCP-5, significantly 
attenuated the recruitment of both eosinophils and T cells 
to the lung in a murine model of ovalbumin-induced airway 
inflammation, and drastically reduced AHR. In contrast, 
the neutralization of MIP-1 a caused only a slight reduction 
in eosinophilia and AHR, and had no effect onT cell accu- 
mulation [28]. In a separate study by Lukacs ef al [42"], 
neutralization of MIP-1 a or RANTES had no effect on AHR 
in a murine model of allergy, although eosinophilia was 
reduced significantly. 

The expression of chemokine receptors on lymphocytes 
and their responsiveness to chemokines vary considerably 
between subsets. CCR5 is expressed preferentially in Th1 
cells, whereas CCR3 and CCR4 seem to be characteris- 
tic of Th2 cells [43,44]. It is therefore not suprising that 
chemokines that preferentially recruit Th2-type cells have 
recently been identified. A number of chemokines have 
been shown to have the ability to recruit Th2-rype cells 
preferentially, including monocyte-derived chemokine 
(MDC) and I-309 [45,46]. T cells recruited to the lung by 
these chemokines may regulate the persistence and acti- 
vation of other cells such as eosinophils or mast cells in 
the airways of patients with asthma via both direct contact 
and through the release of other inflammatory mediators 
which contribute to enhanced AHR. 

Mast cells and AHR 

Mast cells that are located in mucosal and peribron- 
chovascular areas of the lung are known to be important in 
allergic reactions within the lung. These cells have the 
capacity to release a variety of mediators that can cause 
acute bronchospasm, activate and/or attract other inflam- 
matory cells in the lung, and possibly increase AHR [47]. 
Indeed, there is a strong correlation between amounts of 
histamine in the airways of allergic asthmatics and sensi- 
tivity of the airways to methacholine [48,49]. 

MCP-1, a CC chemokine that binds CCR2, has been 
shown to induce AHR by the activation of mast cells in the 
Iw^ActivatiorrbT causes the 

release of histamine, leukotrienes, platelet-activating factor 
and various proteases that either directly mediate changes 
in AHR or further enhance the recruitment of leukocytes to 
the lungs [36]. Increased levels of MCP-1, in murine 
models of allergic inflammation, have, been shown to acti- 
vate mast cells directly [36]. In addition, increased levels 
of MCP-1 have been detected in BALF and bronchial 
tissue from patients with atopic asthma in comparison with 
controls [50,51]. With the use of a murine model of cock- 
roach antigen-induced allergic airway inflammation, it has 
been demonstrated that anti-MCP-1 antibodies inhibit 
AHR to methacholine and attenuate histamine release into 
the BALF; furthermore, in normal mice, instillation of 
MCP-1 induced prolonged airway hyper-reactivity and 
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histamine release. In addition, MCP-1 directly induced pul- 
monary mast cell degranulation in vitro [36]. In asthmatic 
patients, histamine and LTC 4 either directly induce AHR or 
facilitate the recruitment of leukocytes to the lungs to 
induce AHR indirectly [52,63]. Thus, the induction and 
evolution of allergic airway inflammation which is depen- 
dent on the temporal expression of multiple chemokines 
and their ligands have been shown to play a key role in the 
establishment of AHR. 

The role of airway remodeling and 
subepithelial fibrosis in AHR 

Although several studies show a direct correlation 
between AHR and airway inflammation, the causal rela- 
tionship between leukocyte infiltration and AHR has not 
been finally settled. There is a discordance in the findings 
between investigative groups who have studied the rela- 
tionship between airway inflammation, as assessed by cel- 
lular infiltration, and AHR. Some groups have shown a 
strong relationship between the presence of inflammatory 
cells and enhanced airway responsiveness [16,17,19,20], 
whereas other groups have failed to establish such a rela- 
tionship [18,54-57]. The conflicting evidence might 
reflect the reality that other factors in addition to, or dis- 
tinct from, airway inflammation may modulate AHR. Of par- 
ticular interest is the role that airway remodeling and 
subepithelial fibrosis play in AHR 

Airway wall thickening, airway smooth muscle 
hypertrophy and subepithelial fibrosis in AHR 

Histologic studies have reported a marked increase in the 
amount of smooth muscle in airways from asthmatic sub- 
jects; this abnormality, along with airway inflammation, is 
thought to contribute to AHR, It is believed that increased 
smooth muscle mass would allow the development of 
greater force and enhanced narrowing of the airway lumen 
to a given contractile stimulus. It has also been shown that 
smooth muscle cells can display different phenotypes 
depending on their environment or culture conditions. 
Smooth muscle cells have been shown to exhibit a classi- 
cal contractile phenotype and also a proliferative- 
synth^tic~phenotype7 which are capable of producing^prcF - 
inflammatory cytokines, chemokines and growth factors 
that further affect the environment within the lung [58]. 
Airway smooth muscle cells releasing chemokines such as 
eotaxin, RANTES, MCP-1, MCP-2 and MCP-3 [59-61] 
augment inflammatory responses within the lung such as 
leukocyte recruitment and activation, as discussed previ- 
ously, that further exacerbate AHR. Because the increase 
in bronchial smooth muscle mass in asthma is due to cell 
hypertrophy in .addition to hyperplasia [62], the potential 
relevance of phenotype plasticity and its possible relation- 
ship to altered function of smooth muscle in disease 
states has been suggested. Allergic sensitization and 
exposure to certain cytokines elicit significant functional 
changes [39,63,64] that can alter both contractile and 
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secretory functions; however, it remains to be seen how 
chemokines can alter this phenotype. 

Although fibrosis is an essential component of tissue 
healing and wound repair, clinical studies have demon- 
strated that the degree of subepithelial fibrosis is corre- 
lated with augmented AHR to methacholine [4]. Indeed, a 
buildup of interstitial collagen beneath the airway base- 
ment membrane and subepithelial fibrosis are present in 
the airways of allergic asthmatics [6]. Infiltrating inflamma- 
tory cells such as macrophages, lymphocytes, neutrophils 
and eosinophils participate in the pathogenesis of lung 
fibrosis, through the activation of fibroblasts via the 
release of inflammatory mediators or direct contact 
[65,66]. Recent evidence has shown that MCP-1 
enhances collagen deposition by fibroblasts [67]; there- 
fore, increased expression of this chemokine in the lungs 
of asthmatics might be responsible for the airway remodel- 
ling that can exacerbate AHR. 

Chemokine expression in allergic asthma and 
their therapeutic use 

"So~far, mosfof theresults - indicating a role76rchemokinisT 
in AHR have been obtained through murine models 
employing chemokine neutralization, transgenic methods 
or gene knockout methods. The question therefore arises 
as to why chemokines would be beneficial targets for the 
therapeutic treatment of AHR in humans. Clinical studies 
have shown elevated levels of the chemokines and 
chemokine receptors that have been identified in murine 
models and in BALF, bronchial biopsies and sputum from 
allergic asthmatics (Table 3). Eotaxin, CCR3, mRNA and 
protein have been found to be significantly elevated in 
bronchial mucosal biopsies from atopic asthmatics in 
comparison with normal controls [68]. Furthermore, an 
inverse correlation was made in this study between the 
expression of eotaxin mRNA and the histamine provoca- 



tive concentration causing a 20% decrease in FEV, [68]. 
Significant correlations with clinical parameters of AHR 
were also found with MCP-1 levels in BALF from patients 
with allergic asthma [69]. A comprehensive study by Ying 
et al [70"] measured elevated levels of mRNA for eotaxin, 
eotaxin-2, RANTES, MCP-3, MCP-4 and CCR3 in the 
bronchial mucosa from allergic asthmatics [67]. In addi- 
tion, levels of RANTES, MIP-1cc and MCP-1 in BALF have 
been shown to be significantly increased 4 h after chal- 
lenge with endobronchial allergen in allergic asthmatics 
compared with levels before the allergen challenge [71]. 
Therefore the chemokines that have been shown to have a 
role in AHR in murine models are elevated in human 
disease and might be potential targets for the develop- 
ment of therapeutic interventions. 

Conclusions 

Taken together, both experimental evidence from murine 
models and clinical evidence of elevated chemokine and 
chemokine receptor levels in the allergic asthmatic lung 
suggest that chemokines, and their receptors, seem to be 
effective targets for the development of therapeutic inter- 
ventions to be used in addition to current therapy for the 
treatment of AHR However, it remains to be seen whether 
the first clinical trials bear out this promise. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (/) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressible promoter, and (ii) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-3j3) resulting in an increase in 
/3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF1 00777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 fig of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 jug 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human W1SP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 /iM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2(A«) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W/SP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on B-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ~40,000 (A/ r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of =27,000 (A/ r 27 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1 . WISP-1 and WISP-2 are induced by Wnt-1 , but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (fl) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 jj.g) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WTSP-V-specific probe 
(amino acids 278-300) or a 190-bp W75f-2-specific probe (nucleotides 
1438-1 627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A andB). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WlSP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 






Fig. 4. (A, C, E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to . 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 /i.g) 
digested with EcoRI (WISP-1) or Xbdl (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, W1SP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., 0-catenin-TCF-l/Lefi). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v ft serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
W1SP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and J3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. 
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Daniel Figeys In this review we examine the current state of proteome analysis. There are 
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present, and to perform biological assays involving measurement of multiple 
variables. We believe that the utility of proteome analysis in future biological 
research will continue to be enhanced by further improvements in analytical 
technology. 

Contents resolution two-dimensional gel electrophoresis (2-DE), 

1fi/; « detected in the gel and identified by their amino acid 

1 Introduction ■ «f sequence. The ease, sensitivity and speed with which gel- 

2 Rationale for proteome. analysis .... . . . 1862 ^tri proteins ^ be identified by ^ w „f recently 

2.1 Correlation between mRNA and protein developed mass specttometric techniques have dramati- 
expression levels 1863 cally increased the interest in proteome technology. One 

2.2 Proteins are dynamically modified and pro- of the most attractive features of sucn malyses & ^ 
cessed. — ................ 1863 p i e x biological systems can potentially be studied in their 

23 Proteomes are dynamic and reflect the m ^ rather ^ M a muia , ude of mii y idva i ^po- 

state of a biological system 1863 nents ^ makes it far tQ unc<Jver ^ mmy comr 

3 Description and assessment of current pro- ^ ^ often obscure> relatjonsb j ps betwe en mature 
teorne analysis technology 1863 gene products in cells. Large-scale proteome characteriza- 

3.1 Technical requirements of proteome tech- * Qn have ^ undertake n for a number of dif- 
no i°® r 1 ferent organisms and cell types. Microbial proteome pro- 

3.2 2D electrophoresis - mass spectrometry: a jects currently in progress include, for example: Sdccharo- 
common implementation of proteome anal- my(X5 [2] Salmonella enUrica l31j Spiroplasma 

, , ^f lS . ."■.j"V-fi")* , "u'i'^'w'p'/ , i« -V melliferum [4], Mycobacterium tuberculosis [5], Ochrobac- 

3 3 E iVKS and ^^CF^/mI >CaP 1865 "" Aro * f PL *»ecfco- 
, , , Y%J£!£ CE-MS/MS 1865 ^ w [8]> Eatheridaa ^ roj, /u^/i/m fe^ m / no - 

i7i r ir irii? i«« I 101 ' and Dictyostelium discoideum 111]. Proteome 

^IJ^TJv' "'■ " is« projects underway for tissues of more complex organ- 

3.3.3 cb-m^/mj* i»03 ^ for; humaQ bladder squamous cell 

3.4 Assessment of 2-DE-MS proteome tech- carcinomas [12], human liver [13], human plasma [13], 

n °! 1 °« y V"-"r" V human keratinocytes [12], human fibroblasts [12], mouse 

4 Utility of proteome analysis for biological [12]> ^ rat senjm [14] ^ ^ manuscript we cri . 

. , research V"" zVyt tically assess the concept of proteome analysis and the 

4.1 The proteome as a database 1868 technical feasibility of establishing complete proteome 

4.2 The proteome as a biological assay . . . . 868 md A]smss in which pro teome analysis and 

5 Concluding remarks 1870 hiolo ^ research intersect 

6 References 1870 



1 Introduction 

A proteome has been defined as the protein complement 
expressed by the genome of an organism, or, in multicel- 
lular organisms, as the protein complement expressed by a 
tissue or differentiated cell [1]. In the most common im- 
plementation of proteome analysis the proteins extracted 
from the cell or tissue analyzed are separated by high 

Correspondeice: Professor Ruedi Aebersold, Department of Molecular 
Biotechnology; University of Washington, Box 357730, Seattle, WA, 
98195, USA flel: +206-6854235; Fax: +206-685-6392; E-mail: ruedi 
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Abbreviations: CID, collision-induced dissociation; MS/MS, tandem- 
mass, spectrometry; SAGE, serial analysis of gene expression 

Keywords: Proteome / Two-dimensional polyacrylamide gel electro- 
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2 Rationale for proteome analysis 

The dramatic growth in both the number of genome 
projects and the speed with which genome sequences 
are being determined has generated huge amounts of 
sequence information, for some species even complete 
genomic sequences Q15-17]). The description of the 
state of a biological system by the quantitative measure- 
ment of system components has long been a primary 
objective in molecular biology. With recent technical 
advances including the development of differential dis- 
play-PCR [18], cDNA microarray and DNA chip techno- 
logy [19, 20] and serial analysis of gene expression 
(SAGE) [21, 22], it is now feasible to establish global and 
quantitative mRNA expression maps of cells and tissues, 
in which the sequence of all the genes is known, at a 
speed and sensitivity which is not matched by current 
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protein analysis technology. Given the long-standing 
paradigm in biology that DNA synthesizes RNA which 
synthesizes protein, and the ability to rapidly establish 
global, quantitative mRNA expression maps, the ques- 
tions which arise are why technically complex proteome 
projects should be undertaken and what specific types of 
information could be expected from proteome projects 
which cannot be obtained from genomic and transcript 
profiling projects. We see three main reasons for pro- 
teome analysis to become an essential component in the 
comprehensive analysis of biological systems, (i) Protein 
expression levels are not predictable from the mRNA 
expression levels, (ii) proteins are dynamically modified 
and processed in ways which are not necessarily 
apparent from the gene sequence, and (iii) proteomes 
are dynamic and reflect the state of a biological system. 

2.1 Correlation between mRNA and protein expression 
levels 

Interpretations of quantitative mRNA expression profiles 
frequently implicitly or explicitly assume that for specific 
genes the transcript levels are indicative of the levels of 
protein expression. As part of an ongoing study in our 
laboratory, we have determined the correlation of expres- 
sion at the mRNA and protein levels for a population of 
selected genes in the yeast Saccharomyces cerevisiae 
growing at mid-log phase (S. P. Gygi et ai, submitted for 
publication). mRNA expression levels were calculated 
from published SAGE frequency tables [22]. Protein 
expression levels were quantified by metabolic radiola- 
beling of the yeast proteins, liquid scintillation counting 
of the protein spots separated by high resolution 2-DE 
and mass spectrometric identification of the protein(s) 
migrating to each spot. The selected 80 samples consti- 
tute a relatively homogeneous group with respect to pre- 
dicted half-life and expression level of the protein pro- 
ducts. Thus far, we have found a general trend but no 
strong correlation between protein and transcript levels 
(Fig. 1). For some genes studied equivalent mRNA trans- 
cript levels translated into protein abundances which 
varied by more than 50-fold. Similarly, equivalent steady- 
state protein expression levels were maintained by trans- 
cript levels varying by as much as 40-fold (S. P. Gygi 
et ai, submitted). These results suggests that even for a 
population of genes predicted to be relatively homoge- 
neous with respect to protein half-life and gene expres- 
sion, the protein levels cannot be accurately predicted 
from the level of the corresponding mRNA transcript. 

2.2 Proteins are dynamically modified and processed 

In the mature, biologically active form many proteins are 
post-translationally modified by giycosylation, phosphor-; 
ylation, prenylation, acylation, ubiquitination or one or 
more of many other modifications [23] and many pro- 
teins are only functional if specifically associated or com- 
plexed with other molecules, including DNA, RNA, pro- 
teins and organic and inorganic cofactors. Frequently, 
modifications are dynamic and reversible and may alter 
the precise uree-dimensional structure and the state of 
activity of a protein. Collectively, the state of modifica- 
tion of the proteins which constitute a biological system 
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figure I. Correlation between mRNA and protein levels in yeast cells. 
For a selected population of 80 genes, protein levels were measured 
by JS -S-radiolabeling and mRNA levels were calculated from publi- 
shed SAGE tables. Inset: expanded view of the low abundance region. 
FOr more experimental details, also see Figs. 5 and 6, (S. P. Gygi et al., 
submitted). 



are important indicators for the state of the system. The 
type of protein modification and the sites modified at a 
specific cellular state can usually not be determined 
from the gene sequence alone. 

13 Proteomes are dynamic and reflect the state of a 
biological system 

A single genome can give rise to many qualitatively and 
quantitatively different proteomes. Specific stages of the 
cell cycle and states of differentiation, responses to 
growth and nutrient conditions, temperature and stress, 
and pathological conditions represent cellular states 
which are characterized by significantly different pro- 
teomes. The proteome, in principle, also reflects events 
that are under translation^ and post-translational con- 
trol. It is therefore expected that proteomics will be able 
to provide the most precise and detailed molecular des- 
cription of the state of a cell or tissue, provided that the 
external conditions defining the state are carefully deter- 
mined. In answer to the question of whether the study 
of proteomes is necessary for the analysis of biomolec- 
ular systems, it is evident that the analysis of mature pro- 
tein products in cells is essential as there are numerous 
levels of control of protein synthesis, degradation^ 
processing and modification, which are only apparent by 
direct protein analysis. 



3 Description and assessment of current proteome 
analysis technology 

3.1 Technical requirements of proteome technology 

In biological systems the level of expression as well as 
the states of modification, processing and macro-molec- 
ular association of proteins are controlled and modu- 
lated depending on the state of the system. Comprehen- 
sive analysis of the identity, quantity and state of modifi- 
cation of proteins therefore requires the detection and 
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quantitation of the proteins which constitute the system, 
and analysis of differentially processed forms. There are 
a number of inherent difficulties in protein analysis 
which complicate these tasks. First, proteins cannot be 
amplified. It is possible to produce large amounts of a 
particular protein by over-expression in specific cell sys- 
tems. However, since many proteins are dynamically 
post-translationally modified, they cannot be easily am- 
plified in the form in which they finally function in the 
biological system. It is frequently difficult to purify from 
the native source sufficient amounts of a protein for 
analysis. From a technological point of view this trans- 
lates into the need for high sensitivity analytical tech- 
niques. Second, many proteins are modified add pro- 
cessed post-translationairy. Therefore, in addition to the 
protein identity, the structural basis for differentially 
modified isoforms also needs to be determined. The dis- 
tribution of a constant amount of protein over several 
differentially modified isoforms further reduces the 
amount of each species, available for analysis. The com- 
plexity and dynamics of post-translational protein edit- 
ing thus significantly complicates proteome studies. 
Third, proteins vary dramatically with respect to their 
solubility in commonly used solvents. There are few, if 
any, solvent conditions in which all proteins are soluble 
and which are also compatible with protein analysis. This 
makes the development of protein purification methods 
particularly difficult since both protein purification and 
solubility have to be achieved under the same condi- 
tions. Detergents, in particular sodium dodecyl sulfate 
(SDS), are frequently added to aqueous solvents to 
maintain protein solubility. The compatibility with SDS 
is a big advantage of SDS polyacrylamide gel electro- 
phoresis (SDS-PAGE) over other protein separation 
techniques. Thus, SDS-PAGE and two-dimensional gel 
electrophoresis, which also uses SDS and other deter- 
gents, are the most general and preferred methods for 
the purification of small amounts of proteins, provided 
that activity does not necessarily need to be maintained. 
Lastly, the number of proteins in a given cell system is 
typically in the thousands. Any attempt to identify and 
categorize all of these must use methods which are as 
rapid as possible to allow completion of the project 
within a reasonable time frame. Therefore, a successful, 
general proteomics technology requires high sensitivity, 
high throughput, the ability to differentiate differentially 
modified proteins, and the ability to quantitatively dis- 
play and analyze all the proteins present in a sample. 

32 2-D electrophoresis - mass spectrometry: a common 
implementation of proteome analysis 

The most common currently used implementation of 
proteome analysis technology is based on the separation 
of proteins by two-dimensional (IEF/SDS-PAGE) gel 
electrophoresis and their subsequent identification and 
analysis by mass spectrometry (MS) or tandem mass 
spectrometry (MS/MS). In 2-DE, proteins are first separ- 
ated by isoelectric focusing (IEF) and then by SDS- 
PAGE, in the second, perpendicular dimension. Separ- 
ated proteins are visualized at high sensitivity by staining 
or autoradiography, producing two-dimensional arrays of 
proteins. 2-DE gels are, at present, the most commonly 
used means of global display of proteins in complex 



samples. The separation of thousands of proteins has 
been achieved in a single gel [24, 25] and differentially 
modified proteins are frequently separated. Due to the 
compatibility of 2-DE with high concentrations of deter- 
gents, protein denaturants and other additives promoting 
protein solubility, the technique is widely used. 

The second step of this type of proteome analysis is the 
identification and analysis of separated proteins. Individ- 
ual proteins from polyacrylamide gels have traditionally 
been identified using ^-terminal sequencing [26, 27], 
internal peptide sequencing [28, 29], immunoblotting or 
comigration with known proteins [30]. The recent dra- 
matic growth of large-scale genomic and expressed 
sequence tag (EST) sequence databases has resulted in a 
fundamental change in the way proteins are identified by 
their amino acid sequence. Rather than by the traditional 
methods described above, protein sequences are now fre- 
quently determined by correlating mass spectral or 
tandem mass spectral data of peptides derived from pro- 
teins, with the information contained in sequence data- 
bases [31-33]. 

There are a number of alternative approaches to pro- 
teome analysis currently under development. There is 
considerable interest in developing a proteome analysis 
stragegy which bypasses 2-DE altogether, because it is 
considered a relatively slow and tedious process, and 
because of perceived difficulties in extracting proteins, 
from the gel matrix for analysis. However, 2-DE as a 
starting point for proteome analysis has many advan- 
tages compared to other techniques available today! The 
most significant strengths of the 2-DE-MS approach 
include the relatively uniform behavior of proteins in 
gels, the ability to quantify spots and the high resolution 
and simultaneous display of hundreds to thousands of 
proteins within a reasonable time frame. 

A schematic diagram of a typical procedure of the identi- 
fication of gel-separated proteins is shown in Fig. 2. Pro- 
tein spots detected in the gel are enzymaticaUy or chemi- 
cally fragmented and the peptide fragments are isolated 
for analysis, as already indicated, most frequently by MS 
or MS/MS. There are numerous protocols for the gener- 
ation of peptide fragments from gel-separated proteins. 
They can be grouped into two categories, digestion in 
the gel slice [28, 34] or digestion after electrotransfer out 
of the gel onto a suitable membrane ([29, 35-37] and 
reviewed in [38]). In most instances either technique is 
applicable and yields good results. The analysis of MS or 
MS/MS data is an important step in the whole process 
because MS instruments can generate an enormous 
amount of information which cannot easily be managed 
manually. Recently, a number of groups have developed 
software systems dedicated to the use of peptide MS 
and MS/MS spectra for the identification of proteins. 
Proteins are identified, by correlating the information 
contained in the MS spectra of protein digests or 
MS/MS spectra of individual peptides with data con- 
tained in DNA or protein sequence databases. 

The systems we are currently using in our laboratory are 
based on the separation of the peptides contained in pro- 
tein digests by narrow bore or capillary liquid chromatog- 
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fiatre 2 Schematic diagram of a procedure for identification or gel- 
separated proteins. Peptides can either be separated by a tedmique 
such as LC or CE, or infused as a mixture and sorted in the MS. Data- 
base searching can either be performed on peptide masses from an 
MS spectrum, peptide fragment masses from CID spectra of peptides, 
or a combination of both. 

raphy [39, 40] or capillary electrophoresis [41], the anal- 
ysis of the separated peptides by electrospray ioniza- 
tion (ESI) MS/MS, and the correlation of the generated 
peptide spectra with sequence databases using the 
SEQUEST program developed at the University of Wash- 
ington [32, 33]. The system automatically performs the 
foUowing operations: a particular peptide ion character- 
ized by its mass-to-charge ratio is selected in the MS out 
of all the peptide ions present in the system at a parti-, 
cular time; the selected peptide ion is collided in a colli- 
sion cell . with argon (collision-induced dissociation, 
CID) and the masses of the resulting fragment ions are 
determined in the second sector of the tandem MS; this 
experimentally determined CID spectrum is then corre- 
lated with the CID spectra predicted from all the pep- 
tides in a sequence database which have essentially the 
same mass as the peptide selected for CID; this correla- 
tion matches the isolated peptide with a sequence seg- 
ment in a database and thus identifies the protein from 
which the peptide was derived. There are a number of 
alternative programs which use peptide CID spectra for 
protein identification, but we use the SEQUEST system 
because it is currently the most highly automated pro- 
gram and has proven to be successful, versatile and 
robust. 

33 Protein identification by LC-MS/MS, capillary 
LC-MS/MS and CE-MS/MS 

It has been demonstrated repeatedly that MS has a very 
high intrinsic sensitivity. For the routine analysis of gel- 
separated proteins at high sensitivity, the most signif- 
icant challenge is the handling of small amounts of 
sample. The crux of the problem is the extraction and 
transferal of peptide mixtures generated by the digestion 
of low nanogram amounts of protein, from gels into the 
MS/MS system without significant loss of sample or 
introduction of unwanted contaminants. We employ 
three different systems for introducing gel-purified sam- 
ples into an MS, depending on the level of sensitivity 



required. As an approximate guideline, for samples con- 
taining tens of picomoles of peptides, LC-MS/MS is 
most appropriate; for samples containing low piwmole 
amounts to high femtomole amounts we use capillary 
LC-MS/MS; and for samples containing femtomoles or 
less, CE-MS/MS is the method of choice. 

3.3.1 LC-MS/MS 

The coupling of an MS to an HPLC system using a 
0 5 mm diameter or bigger reverse phase (RP) column 
has been described in detail [421. This system has several 
advantages if a large number of samples are to be ana- 
lyzed and all are available in sufficient quantity. The 
LC-MS and database searching program can be run in a 
fully automated mode using an autosampler, thus maxi- 
mizing sample throughput and minimizing the need for 
operator interference. The relatively large column is 
tolerant of high levels of impurities from either gel prep- 
aration or sample matrix. Lastly, if configured with a 
flow-splitter and micro-sprayer [40], analyses can be per- 
formed on a small fraction of the sample (less than 5%) 
while the remainder of the sample is recovered in very 
pure solvents. This latter feature is particularly useful 
when an orthogonal technique is also used to analyze 
peptide fractions, such as scintillation of an introduced 
radiolabel, and this data can be correlated with peptides 
identified by CID spectra. 

332 Capillary LC-MS 

An increase of sensitivity of approximately tenfold can be 
achieved by using a capillary LC system with a 100 um ID 
column rather than a 0.5 mm ID column as referred to 
above. Since very low flow rates are required for such 
columns, most reports have used a precolumn flow split- 
ting system for producing solvent gradients. We have 
recently desribed the design and construction of a novel 
gradient mixing system which enables the formation 
of reproducible gradients at very low flow rates (low 
nL/min) without the need for flow splitting (A. Ducret 
et «/., submitted for publication). Using this capillary 
LC-MS/MS system we were able to identify gel-separat- 
ed proteins if low picomole to high femtomole amounts 
were loaded onto the gel 140]. This system is as yet not 
automated and, like all capillary LC systems, is prone to 
blockage of the columns by microparticulates when ana- 
lyzing gel-separated proteins. 

333 CE-MS/MS 

The highest level of sensitivity for analyzing gel-sep- 
arated proteins can be achieved by using capillary elec- 
trophoresis - mass spectrometry (CE-MS). We have de- 
scribed in the past a solid-phase extraction capillary elec- 
trophoresis (SPE-CE) system which was Used with triple 
quadrupole and ion trap ESI-MS/MS systems for the 
identification of proteins at the low femtomole to sub- 
femtomole sensitivity level [43, 44]. While this system is 
highly sensitive, its operation is labor-intensive and its 
operation has not been automated. In order to devise an 
. analytical system with both the sensitivity of a CE and 
the level of automation of LC, we have constructed 
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figure 3. Schematic illustration of a 
microfabricated analytical system for CE, 
consisting of a mictomachined device, 
coated capillary electroosmotic pump, 
and microelectrospray interface. The 
dimensions of the channels and reservoir 
are as indicated in the text. The channels 
on the device were graphically enhanced 
to make them more visible. Reproduced 
from [45], with permission. 



microfabricated devices for the introduction of samples 
into ESI-MS for high-sensitivity peptide analysis. 

The basic device is a piece of glass into which channels 
of 10-30 um in depth and 50-70 urn in diameter are 
etched by using photolithography/etching techniques 
similar to the ones used in the semiconductor industry. 
(A simple device is shown in Fig. 3). The channels are 
connected to an external high voltage power supply [451. 
Samples are manipulated on the device and off the 
device to the MS by applying different potentials to the 
reservoirs. This creates a solvent flow by electroosmotic 
pumping which can be redirected by changing the posi- 
tion of the electrode. Therefore, without the need for 
valves or gates and without any external pumping, the 
flow can be redirected by simply switching the position 
of the electrodes on the device. The direction and rate of 
the flow can be modulated by the size and the polarity 
of the electric field applied and also by the charge state 
of the surface. . 

The type of data generated by the system is illustrated in 
Fig. 4, which shows the mass spectrum of a peptide sample 
representing the tryptic digest of carbonic anhydrase at 
290 fmol/uL. Each numbered peak indicates a peptide suc- 
cessfully identified as being derived from carbonic an- 



hydrase. Some of the unassigned signals may be chemical ; ; 
or peptide contaminants. The MS is programmed to auto- 
matically select each peak and subject the peptide to CID. 
The resulting CID spectra are then used to identify the 
protein by correlation with sequence databases. Therefore, 
this system allows us to concurrently apply a number of 
protein digests onto the device, to sequentially mobilize 
the samples, to automatically generate CID spectra. of 
selected peptide ions and to search sequence databases 
for protein identification. These steps are performed auto- 
matically without the need for user input and proteins can 
be identified at very low femtomole level sensitivity at a . 
rate of approximately one protein per 15 min. 

3.4 Assessment of 2-D.E-MS proteome technology 

Using a combination of the analytical techniques de- 
scribed above we have identified the 80 protein spots 
indicated in Fig. 5. The protein pattern was generated by 
separating a total of 40 microgram of protein contained 
in a total cell lysate of the yeast strain YPH499 by high 
resolution 2-DE and silver staining of the separated pro- 
teins. To estimate how far this type of proieome analysis 
can penetrate towards the identification of low abun- 
dance proteins, we have calculated the codon bias of the 
genes encoding the respective proteins.iCodon bias is a 
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Figure 4. MS spectrum of a tryptic digest 
of carbonic anhydrase using the microfa- 
bricated system shown in Pig. 3. 290 
fmol/uL of. carbonic anhydrase tryptic 
digest was infused into a Finnigan LC.Q 
ion trap MS. Each peak was selected for 
CID, and those which were identified as 
containing peptides derived from car- 
bonic anhydrase are numbered. Repro- 
duced from [45], with permission. 
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calculated measure of the degree of redundancy of trip- 
let DNA codons used to produce each amino acid in a 
particular gene sequence. It has been shown to be a 
useful indicator of the level of the protein product of a 
particular gene sequence present in a cell [46]. The gen- 
eral rule which applies is that the higher the value of toe 
codon bias calculated for a gene, the more abundant the 
protein product of that gene becomes. The calculated 
codon bias values corresponding to the proteins identi- 
fied in Fig. 5 are shown in Fig. 6b. Nearly all of the pro- 
teins identified O 95%) have codon bias values of > 0.2, 
indicating they are highly abundant in cells. In contrast, 
codon bias values calculated for the entire yeast genome 
(Fig. 6a) show that the majority of proteins present in 
the proteome have a codon bias of < 02 and are thus of 
low abundance. 

This finding is of considerable importance in our assess- 
ment of the current status, of proteome analysis technol- 
ogy. It is clear that even using highly sensitive analytical 
techniques, we are only able to visualize and identify the 



more abundant proteins. Since many important regula- 
tory proteins are present only at low abundance, these 
would not be amenable to analysis using such tech- 
niques. This situation would be exacerbated in the anal- 
ysis of proteomes containing many more proteins than 
the approximately 6000 gene products present in yeast 
cells [16]. In the analysis of, for example, the proteome 
of any human cells, there are potentially 50000-100000 
gene products [47]. Inherent limitations on the amount 
of protein that can be loaded on 2-DE, and the number 
of components that can be resolved, indicate that only 
the most highly abundant fraction of the many gene 
products could be successfully analyzed; One approach 
that has been employed to circumvent these limitations 
is the use of very narrow range immobilized pH gradient 
strips for the first-dimension separation of 24)E [48]. 
Since only those proteins which focus within the narrow 
range will enter the second dimension of separation, a 
much higher sample loading within the desired range is 
possible. This, in turn, can lead to the visualization and 
identification of less abundant proteins. 
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Figure 6. Calculated codoo bias values for yeast proteins. (A) Distribu- 
tioa of calculated values for the entire yeast proteome. (B) Distribu- 
tion of calculated values for the subset of 80 identified proteins also 
shown in Figs. 1 and 5. Further details of experimental procedures are 
included In S. P. Oygi ef al. (submitted).. 



4 Utility of proteome analysis for biological 
research 

For the success of proteomics as a. mainstream approach 
to the analysis of biological systems it is essential to 
define how proteome analysis and biological research 
projects intersect Without a clear plan for the implemen- 
tation of proteome-type approaches into biological re- 
search projects the full impact of the technology can not 
be realized. The literature indicates that proteome anal- 
ysis is used both as a database/data archive, and as a bio- 
logical assay or biological research tool. 

4.1 The proteome as a database 

The use of proteomics as a database or data archive 
essentially entails an attempt to identify all the proteins 
in a cell or species and to annotate each protein with the 
known biological information that is relevant for each 
protein. The level of annotation can, of course, be exten- 
sive.'The most common implementation of this idea is 
the separation of proteins by high resolution 2-DE, the 
identification of each detected protein spot and the 
annotation of the protein spots in a 2-DE gel database 
format. This approach is complicated by the fact that it is 
difficult to precisely define a proteome and to decide 
which proteome should be represented in the database. 
In contrast to the genome of a species, which is essen- 
tially static, the proteome is highly dynamic. Processes 
such as differentiation, cell activation and disease can all 
significantly change the proteome of a species. This is 
illustrated in Fig. 7. The figure shows two high-resolu- 
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tion 2-DE maps of proteins isolated from rat serum. 
Fig. 7A is from the serum of normal rats, while Fig. 7B 
is from the serum of rats in acute-phase serum after 
prior treatment with an inflammation-causing agent [49]. 
It is obvious that the protein patterns are significantly 
different in several areas, raising the question of exactly 
which proteome is being described. 

Therefore, a comprehensive proteome database of a spe- 
cies or cell type needs to contain all of the parameters 
which describe the state and the type of the cells from 
which the proteins were extracted as well as the software 
tools to search the database with queries which reflect 
the dynamics of biological systems. A comprehensive 
proteome database should be capable of quantitatively 
describing the fate of each protein if specific systems 
and pathways are activated in the cell. Specifically, the 
quantity, the degree of modification, the subcellular loca- 
tion and the nature of molecules specifically interacting 
with a protein as well as the rate of change of these 
variables should be described. Using these admittedly 
stringent criteria, there is currently no comlete proteome 
database. A number of such databases are, however, in 
the process of being constructed. The most advanced 
among them, in our opinion, are the yeast protein data- 
base YPD [50] (accessible at http://www.ypd.com) and 
the human 2D-PAGE databases of the Danish Centre 
for Human Genome Research [12] (accessible at http:// 
biobase.dk/cgi-bin/celis). While neither can be con- 
sidered complete as not all of the potential gene pro- 
ducts are identified, both contain extensive annotation 
of supplemental information for many of the spots 
which aire positively identified in reference samples. 

4 J. The proteome as a biological assay 

The use of proteome analysis as a biological assay or 
research tool represents an alternative approach to inte- 
grating biology with proteomics. To investigate the state 
of a system, samples are subjected to a specific proceess 
that allows the quantitative or qualitative measurement 
of some of the variables which describe the system. In 
typical biochemical assays one variable (e.g., enzyme 
activity) of a single component (eg.,' a particular en- 
zyme) is measured. Using proteomics as an assay, mul- 
tiple variables (e.g., expression level, rate of synthesis, 
phosphorylation state, etc.) are measured concurrently 
on many (ideally all) of the proteins in a sample. The 
use of proteomics as an assay is a less far-reaching prop- 
osition than the construction of a comprehensive pro- 
teome database. It does, however, represent a pragmatic 
approach which can be adapted to investigate specific 
systems and pathways, as long as the interpretation of 
the results takes into account that with current technol- 
ogy not all of the variables which describe the system 
can be observed (see Section 3.4). 

A common implementation of proteome analysis as a 
biological assay is when a 2-DE protein pattern gener- 
ated from the analysis of an experimental sample is 
compared to an array of reference patterns representing 
different states of the system under investigation. The 
state of the experimental system at the time the sample 
was generated is therefore determined by the quantita- 



tive comparative analysis of hundreds to a few thousand 
nroteins Comparative analysis of the 2-DE patterns fur- 
thermore highlights quantitative and qualitative differ- 
ences in the protein profiles which correlate with the 
ctote of the system. For this type of analysis it is not 
essential that all the proteins are identified or even visu- 
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alized, although the results become more informative as 
more proteins are compared. It is obvious, however, that 
the possibility to identify any protein deemed character- 
istic for a particular state dramatically enhances this 
approach by opening up new avenues for experimenta- 
tion. 
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Figure 7. High resolution 2-DE map of proteins isolated from ral serum with or. without prior exposure to an inflam- 
mation-causing agent. (A) normal rat serum, (B) acute-phase serum from rats which had previously been exposed to 
an inflammation-causing agent. The first dimension of separation is an IPG from pH 4-10, and the second dimen- 
sion is a 7.5-17.5%T gradient SDS-PAGE gel. Proteins were visualized by staining with amido black. Further details 
of experimental procedures are included in [14, 491. 



1870 t. A. Haynei, et al. 

Proteome analysis as a biological assay has been success- 
fully used in the field of toxicology, to characterize 
disease states or to study differential activation of cells. 
The approach is limited, of course, by the fact that only 
the visible protein spots are included in the assay, and it 
is well known that a substantial but far from complete 
fraction of cellular proteins are detected if a total cell 
lysate is separated by 2-DE. Proteins may not be 
detected in 2-DE gels because they are not abundant 
enough to be visualized by the detection method used, 
because they do not migrate within the boundaries (size, 
pi) resolved by the gel, because they are not soluble 
under the conditions used, or for other reasons. 

A different way to use proteome analysis as a biological 
assay to define the state of a biological system is to take 
advantage of the wealth of information contained in 
2-DE protein patterns. 2-DE is referred to as two-dimen- 
sional because of the electrophoretic mobility and the 
isoelectric points which define the position of each pro- 
tein in a 2-DE pattern. In addition to the two dimen- 
sions used to generate the protein patterns, a number of 
additional data dimensions are contained in the protein 
patterns. Some of these dimensions such as protein 
expression level, phosphorylation state, subcellular loca- 
tion, association with other proteins, rate of synthesis or 
degradation indicate the activity state of a protein or a 
biological system. Comparative analysis of 2-DE protein 
patterns representing different states is therefore ideally 
suited for the detection, identification and analysis of 
suitable markers. Once again it must be emphasized that 
in this type of experiment only a fraction of the cellular 
proteins is analyzed. Since many regulatory proteins are 
of low abundance, this limitation is a concern, particu- 
larly in cases in which regulatory pathways are being 
investigated. 

5 Concluding remarks 

In this report we have addressed three main issues 
related to proteome analysis. First, we have discussed 
the rationale for studying proteomes. Second, we have 
assessed the technical feasibility of analyzing proteomes 
and described current proteome technology, and third, 
■we have analyzed the utility of proteome analysis for bio- 
logical research. It is apparent that proteome analysis is 
an essential tool in the analysis of biological systems. 
The multi-level control of protein synthesis and degrada- 
tion in cells means that only the direct analysis of 
mature protein products can reveal their correct identi- 
ties, their relevant state of modification and/or associa- 
tion and their amounts. Recently developed methods 
have enabled the identification of proteins at ever- 
increasing sensitivity levels and at a high level of auto- 
mation of the analytical processes; A number of tech- 
nical challenges, however, remain. While it is currently 
possible to identify essentially any protein spots that can 
be visualized by common staining methods, it is ap- 
parent that without prior enrichment only a relatively 
small and highly selected population of long-lived, 
highly expressed proteins is observed; There are many 
more proteins in a given cell which are not visualized by 
such methods. Frequently it is the low abundance pro- 
teins that execute key regulatory functions. 
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We have outlined the two principal ways proteome anal- 
ysis is currently being used to intersect with biological 
research projects: the proteome as a database or data 
archive and proteome analysis as a biological assay. Both 
approaches have in common that at present they are con- 
ceptually and technically limited. Current proteome data- 
bases typically are limited to one cell type and one, state 
of a cell and therefore do not account for the dynamics 
of biological systems. The use of proteome analysis as a 
biological assay can provide a wealth of information, but 
it is limited to the proteins detected and is therefore not 
truly proteome-wide. These limitations in proteomics are 
to a large extent a. reflection of the fact that proteins in 
their fully processed form cannot easily be amplified and 
are therefore difficult to isolate in amounts sufficient for 
analysis or experimentation. The fact that to date no 
complete proteome has been described further attests to 
these difficulties. With continued rapid progress in pro- 
tein analysis technology, however, we anticipate that the 
goal of complete proteome analysis will eventually 
become attainable. 
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High-throughput technologies, such as proteomic screening and DNA micro-arrays, produce vast 
amounts or date requinng comprehensive analytica. methods to decipher the biofogiS reTJan 
results. One approach would be to manually search the biomedical literature; howevw Ws JouX 
an arduous task. We developed an automated literature-minihg tool. tlnT MedG^ wnJS 
comprehensively summarizes and estimates the relative strengths of all hurnan ae«-dl^ 
refcuonships in Medline. Using MedGene, we anaiyzed a novTmiao^^ 
comparing breast cancer and normal breast tissue in the context of existing *rJ^%T( 0 urtn 
correlation between the strength of the literature association and the magnitude oTS MnZLZ • 

7ZT lr To To ToT" 9 chan9es as high as 5 - f0,d; however - 

^f fV ^ { , r " °- 41 ' l P r i 005) amon 9 9enes showing an expression difference of 10-fold or more 
nteresungly, th,s only held true for estrogen receptor (ER) positive tumors, not ER negaU ve l5eJf]e~ 
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Introduction 

At Its current pace, the accumulation of biomedical literature 
outpaces the ability of most researchers and clinicians to stay 
abreast of their own Immediate fields, let alone cover a broader 
range of topics. For example, to follow a single disease, e.g., 
breast cancer, a researcher would have had to scan 130 different 
Journals and read 27 papers per day In 1999.' This problem is 
accentuated with high-throughput technologies such as DNA 
micro-arrays and proteomles. which require the analysis of 
large datasets Involving thousands ofgenes, many of which are 
unfamiliar to a particular researcher. In any mlcroarray experi- 
ment, thousands ofgenes may demonstrate statistically sig- 
nificant expression changes, but only a fraction of these may 
be relevant to the study. The ability to Interpret these datasets 
would be enhanced If they could be compared to a compre- 
hensive summary of what is known about ail genes. Thus, there 
Is a need to summarize existing knowledge In a format that 
allows for the rapid analysis or associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem Is to compile structured digital 
resources, such as the Breast Cancer Gene Database' and the 
Tumor Cene Database. 1 However, as these resources are hand- 
curated, the labor-intensive review process becomes a rate- 
limiting step In the growth of the database. As a result, these 
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databases have a limited scale and the genes are not selected 
In a systematic fashion. 

An alternative approach Is automated text mining; a method 
which Involves automated Information extraction by searching 
documents for text strings and analyzing their frequency and 
context. This approach has been used successfully In several 
Instances for biological applications. In most cases. It has been 
applied to extract Informadon about the relationships or 
nteractlons that proteins or genes have with one another. In 
the literature or by functional annotation.*-' Thus far few 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Perez-Iratxeta et al 
automatically examined the CO (Gene Ontology) annotation 
or genes and their predicted chromosomal locations in order 
to Identify genes linked to Inherited disorders.* 

To obtain a mora global understanding of disease develop- 
ment. It would be valuable to Incorporate Information regarding 
all possible gene-dlsease relationships. Including biochemical; 
physiological, pharmacological, epidemiological, as well as 
genetic This Information would enable comprehensive com- 
parisons between large experimental datasets and existing 
knowledge in the literature. This would accomplish two things! 
Hrst. it would serve to validate experiments by demonstrating 
mat known responses occur as predicted. Second. It would 
rapidly highlight which genes axe corroborated by the literature 
and which genes are novel In a given context. We have utilized 
a computational approach to literature mining to produce a 
JcwnaJ ot PrtXeomt fiooarch 200X I 405-412 w 
PuNWiod on Wall C6flJ/J0O3 
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comprehensive set or gene- disease relationships. In addition, 
we have developed a novel approach to assess the strength of 
each association based on lite frequency of citation and co- 
ciiatlon. We applied this tool to help Interpret the data from a 
large micro-array gene expression experiment comparing 
normal and cancerous breast tissue. 



Methods 

MedGene Database. MedCene is a relational database, stor- 
ing disease and gene Information from NCBI. text mining re- 
sults, statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user-interface for users to 
query the database (http://hlpseq.med.harvard.edu/MedCene/). 

Text Mining Algorithms. MeSH dies were downloaded from 
the McSH web site at NLM (Nation Library of Medicine) (http:// 
www.nlm.nlh.gov/mesh/meshhome.htmO and human disease 
categories were selected. LocusLlnk files wore downloaded from 
the LocusLlnk web site at NCBI (http://www.ncbl.nlh.gov/ 
LocusLlnk/). Official/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and names, all 
relevant annotations and URLs for each LocusLlnk record, were 
collected. Cene search terms were used for literature searching 
and Included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominant^ qualified gene 
family terms and gene ofllcla l/preferred symbols, were used 
to Index Medline records. If the official/preferred gene symbols 
did not meet the standards to be an index, then qualified gene 
official/preferred names were used. A local copy or Medline 
records (up to July. 2002) was pre-selected. 

A JAVA module examined the MeSH terms and then Indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the titles and 
abstracts for gene search terms and then to Index the gene- 
related Medline records with the relevant primary gene key(s). 

Statistical Methods. For every gene and disease pair, we 
counted records that were Indexed for both gene and disease 
(double positive hits), for disease only (disease single hits) for 
gene only (gene single hits), and for neither gene nor disease 
(double negative hits) to generate a 2 x 2 contingency tabic 
On the basis of the contingency table-framework. we applied 
different statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
Included chl-square analysis. Fisher's exact probabilities rela- 
tive risk of gene, and relative risk of disease 1 * (http// 
hlpseq.med.harvard.edu/MedCeneO. In addition, we computed 
the product of frequency', which Is the product of the 
proportion or disease/gene double hits to disease single hits 
and the proportion of disease/gene double hits to gene single 
hits. To obtain a normal distribution, we transformed all the 
statistical scores using the natural logarithm. We selected the 
log of the product of frequency (LPF) to validate MedGene and 
to use for the analysis with the micro-array data. Spearman 
rank-correlation coefficients were used to assess the linear 
relationship between LPF and micro-array fold chanae in 
expression level. 8 

Global Analysts. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
clustering was done with the 'Cluster* software and the 
clustering result was visualized using TreeVJewer" (http// 
rana.lbi.gpv/EisenSoftware.htm). 
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Breast Tisane Micro- Arrays. Eighty-nine breast cancer 
samples (79% ER-posltlve) and 7 normal breast tissue samples 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative or the spectrum of histo- 
logical types, grades, and hormone receptor Immuno-pheno- 
types of breast cancer. Blotlnylated cRNA. generated from the 
total RNA extracted from the bulk tumor, was hybridized to 
Asymetrix U95A oligonucleotide micro-arrays. These micro- 
arrays consist on? 400 probes, which represent approximately 
9000 genes. Raw expression values were obtained using CENE- 
CHIP software from Affymetrlx, and then further analyzed using 
the DNA-Chlp Analyzer (dChlp) custom software. 

Results 

Automated Indexing or Medline Records by Disease and 
Gene. To study the gene-disease associations in the literature, 
we first compiled complete lists for human diseases and human 
genes. To Index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) Index 
or Medline records was utilized. MeSH Is a controlled medical 
vocabulary from the National Library of Medicine and consists 
of a set of terms or subject headings that are arranged In both 
an alphabetic and an hierarchical structure. Medline records 
are reviewed manually and MeSH terms are added to each with 
software assistance.*" Twenty-three human disease category 
headings along with all of their child terms (seethe Supporting 
Information. Supplemental Table 1, or visit http://hlpseq 
med.harvard.edu/MedCene/publlcatlon/s Table l.htmO were 
selected from the 2O02 MeSH Index creating a list of 4033 
human diseases. 

No Index comparable to the MeSH Index exists for genes 
and thus. It was necessary to apply a string search algorithm 
for gene names or symbols found In Medline text. A complete 
list of genes, gene names, gene symbols, and frequently used 
y^!?? Were co,,ected from «he LocusLlnk database at 
NCBI,''-" which contains 53 259 Independent records keyed 
by an official gene symbol or name (June 18 th , 2002). For the 
purposes or this study, no distinction was made between genes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of Italics, if at all 
For the Intended use of this study, this lack of distinction Is 
unlikely to have a large effect and may in fact be beneficial. 
Initial attempts to search the literature using these lists 

r^' 8 ?, 5 ?? 31 S0UrCes of falsc P° 5,t,ves and '"I* negatives 
(Table 1). False positives primarily arose when the searched 
term had other meanings, whereas false negatives arose from 
syntax discrepancies necessitating the development or niters 
to reduce these errors. The syntax Issues were readily handled 
by Including alternate syntax forms In the search terms The 
Take positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage. Where 
possible, case sensitive string mapping reduced Inappropriate 
citations. In many cases, however, this was not sufficient and 
the terms had to be eliminated entlrery. thereby reducing the 
false positive rate but unavoidably under-representing some 

For the purposes or data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were indexed with a primary gene key 
when any synonym for that key was found In the title or 
abstract. Case-Insensitive string mapping was used for all 
searches except as noted above. No additional weight was 
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Table \ Systematic Sources of False Positives and False Negatives In Unfiltered Data* 
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error (ype 



example 



gene symbol/name false positive 

Is not unique 



gene symbol Is false positive 

unrelated abbreviation 

gene symbol/name false positive 

has language meaning 

nonstandard syntax false negative 

unofficial gene name/symbol false negative 

nonspeclfled gene name false negative 



filter solution 



AMC-myelln 

associated glycoprotein 
M4C-ma) Ignancy-associated 

protein 

PA-pallid homologue (mouse), 
pallldln (also abbrev. for Pennsylvania) 

.IWS-WbkoU-Aldrlch Syndrome 
(also the word 'was') 

BAG-1 Instead of BAG1 

P53 Instead of TPS3 

estrogen receptor Instead of 
Estrogen receptor 1 



eliminate this term 



eliminate this term 

case-sensitive string search 

add dash term 

add all gene nicknames 

add family stem term 



fake negatives are real relationship, that arc w^np^S^^^S^^Ji ^fSj^S relitlo « hl f» •« n«red ard 

error. In general error rate. maSm.ad JIltM^^ 



added for multiple occurrences of a term or the co-occurrence 
of multiple synonyms for the same gene key. 

Medline records were searched with ail qualified gene 
Identifiers, such as the official/preferred gene symbol, the 
official/preferred gene name, all gene nicknames and ail syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name. e.g., estrogen receptor.tnstead of 
estrogen receptor 1 {ESRQ. creating a source of raise negatives. 
For this reason, gene family stem terms were created for all 
genes that have an alpha or numerical suffix (eg., ILZRA, TCFP. 
ESR1. etc.) and then used to search the literature. The family 
stem terms were handled separately from the specific gene 
names so that It would be clear when linkages were made to 
the gene family versus a specific member In (hat family. 

To Improve performance and accuracy, some pre-selectlon 
was applied to the records that were scanned. First, review 
articles were eliminated to avoid redundant treatment or 
citations. Second. non-EngllshJournals were removed because 
the natural language filters were only relevant to English 
publications. Finally, Journals unlikely to contain primary data 
about gene-disease relationships were also removed (e.g.. Int. 
J. Health Educ. Bedside Nurse, and / Health Eon). Together 
these filters reduced the 12 198 221 Medline publications flulv 
2002) by 37%. 7 
Ranking the Relative Strengths of Gene-Disease Associa- 
tions. In total, there were 618 708 gene-disease co-cltatlons. 
In which 16% (8297) of all studied genes had been associated 
to a disease and 96% (3875) of all diseases had been associated 
to at least one gene. To rank the relative strengths of gene 
disease relationships, we tested several different statistical 
methods and examined the results. With the exception of the 
relative risk estimates, the methods provided similar results 
with respect to the rank order of the gene-disease association 
strengths. However, after comparing the results to other 
databases and after consulting disease experts, the log of the 
product of frequency (LPF) was selected for further analysis 
because it gave the best results overall. 

Validation of MedGene. In developing this tool, It was 
Important to minimize the number of missed genes (raise 
negatives) and miscalled genes (false positives). However. In 
situations when these goals were In conflict, incluslveness was 
prioritized. To determine the false negative rate In MedGene, 
breast cancer was used as a test case because It was associated 
with more genes than any other human disease and because 




Figure 1. Estimation of the false negative rate by comparison 
with hand-curated databases. The breast cancer-related genu 
identified by MedGene were compared with those listed In 
several other databases Including the Tumor Gene Database 

S58 -nH^ 685 * ^ft? 6 * TO Databa *KBCG),' GeneCards 
<3C)» and Swlssprol" Genes were considered false negatives 
if they were represented in at least one of these other databases 
and not In MedGene and their link to breast cancer was sup- 
ported by at least one literature reference. All literature references 
were venfled by manual review to conrirm their validity The 
number of genes in each database or shared by more than one 
database is indicated. The false negative rata was calculated bv 
genes missed at MedGene (28)/total number of nonoveriapplng 
genes in other databases (285). 

there were several public databases that link genes to breast 
cancer. We compared the list of breast cancer-related genes 
from MedGene to these databases. Illustrated In Figure 1. 
Among the 285 distinct breast cancer-related genes that were 
supported by at least one literature citation In these hand- 
curated databases, 26 were absent from MedGene. suggesting 
a false negative rate of approximately 9%. To determine why 
these were missed, all literature references for these genes (80 
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- papers) were reviewed manually (see the Supporting Informa- 
tion. Supplemental Tabic 2. or visit http://hlpseq.med. 
harvard.edu/MedGene/publtcatlon/s_Table 2.htmO. Among 
these papers, most false negatives were caused by nonstandard 
gene terms or gene terms eliminated by our specificity filters. 
Few genes were missed because they were only mentioned In 
review papers (0.4%) or they appeared only In the body of the 
manuscript but not the abstract or title (1.1%). Of note. 
MedGene Identified approximately 2000 additional breast 
cancer-related genes not listed in any other database. 

To assess the false positive error rate, two complementary 
approaches were used: a detailed analysis of one disease and 
a global examination of 1000 diseases. The detailed approach 
examined the false positive error rate and Its sources, whereas 

the global approach-tested whether the overall results made 
biomedical sense. 

Using the LPP. 1467 genes related to prostate cancer were 
assembled In rank order. We then retrieved approximately 300 
Medline records each for the highest ranked 100 and the lowest 
ranked 200 genes and manually reviewed the titles and 
abstracts to determine the verity of the association. Nearly 80% 
of the highest ranked 100 genes fell Into one of the live 
categories that reflect meaningful gene-disease relationships 
(see the Supporting Information, Supplemental Table 3. or visit 
http://hlpseq.med.harvard.edu/MedGene/publlcatlon/ 
sjable 3.html). Among the lowest ranked 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
reviewed, there were only two In which the association between 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature or the gone or protein was not shown to be 
related to human prostate cancer. 1 *' 14 

The coincidence of some gene symbols with medical ab- 
breviations, chemical abbreviations and biological abbrevia- 
tions resulted In most of the false positives (see the Supporting 
Information, Supplemental Table 4, or visit http.7/hlpse- 
q.med.harvard.edu/MedCenc/publlcatlon/sJable 4.html), em- 
phasizing the Importance or the niters that were added In the 
search algorithm (Table 1). Without the niters, the false positive 
rate more than doubled, and the false negative rate rose 
dramatically (data not shown). For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred lo ESRl and 10 to ESRl whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESRl or ESR2, 
this latter group was detected by the family stem term niter. 

To liiriher validate these results, a global analysis of the gene- 
disease relationships described by MedGene was performed. 
For this experiment. It was reasoned that the more closely 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus. If the relationships denned 
by MedGene accurately refected the literature, then an unsu- 
pervised hierarchical clustering of the gene data should group 
diseases In a manner consistent with common medical think- 
ing. Conversely. If the clustered diseases do not make sense 
biologically or medically. It may renect excessive raise positives, 
false negatives, or Inappropriate scoring or the data. 

To execute this experiment, the gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
with at least 50 gene relationships) were used as a dataset for 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were Indeed logical based upon 
common medical knowledge (see the Supporting Information. 
408 Journal oJ Proteone RMasrch • Vol 2, No. 4. 2003 
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Supplemental Figure 1 , or visit http://hlpseq.med.harvard.edu/ 
MedGene/pubUcatlon/s_Flgure I .html). For example, in one 
such cluster shown In Figure 2, diabetes and its complications 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number or genes associated with a given disease can 
be estimated by adjusting the MedGene number up by the false 
negative rate (~9%) and down by the false positive rate (~26% 
on average). Using this, the average disease has 103.7 ± 45.3 
(mean ± s.d.) genes associated with it. although the range Is 
quite broad with 2359 genes related to breast cancer, 2122 
genes related to lung cancer and no genes related to a number 
or diseases. 

Applying MedGene to the Analysis of Large Dataset*. Access 
to a comprehensive summary or the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a hlgh-throughput experiment. We compared the MedGene 
breast cancer gene list to a gene expression date set generated 
from a micro-array analysis comparing breast cancer and 
normal breast tissue samples. Micro-array analysis Identified 
2286 genes that had greater than a 1-fold difference In mean 
expression level between breast cancer samples and normal 
breast samples. Using MedGene, we sorted the 2286 genes into 
four classes: 555 genes directly linked to breast cancer in the 
literature by gene term search (first-degree association by gene 
name): 328 genes directly linked by family term search (first- 
degree association by family term); 1021 genes linked to breast 
cancer only through other breast cancer genes (second-degree 
association): and 505 genes not previously associated with 
breast cancer. (See the Supporting Information. Supplemental 
Figure 2. or visit http://hlpseq.med.harvard.edu/MedGene/ 
publlcatlon/s_Flgure 2.htmL) Among the 505 previously un- 
related genes. 467 were either newly IdentMed genes or genes 
that had not previously been associated with any disease. 
Among the remaining 38 genes, 0 had been related to other 
cancers, specifically esophageal, colon, uterine, skin, and cervix. 

To determine whether the genes highlighted by the micro- 
array analysis were more likely to have been previously linked 
to breast cancer in the literature, we created a two-dimensional 
plot o( the fold change or expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). There was a broad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than 1-fold change (68%) to over 40-fold (0.3%). Notably, 
the majority or genes with greater than 10-fold expression 
changes were linked to breast cancer by nrst-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer In the 
literature, there was no correlation between LPF and micro- 
array fold change (r = 0.018. p-value - 0.62). However, when 
we stratlOed the analysis based on the magnitude or the fold 
change, we observed an Increasing trend In correlation (Figure 
3B) suggesting that genes with a more substantial change In 
expression level were more likely to have a stronger association 
In the literature. For genes that had 10-fold change or more In 
005) e5S,On leVe '' ^ COrrcto,,on ,ncreased » 0.41 (p-value - 

When we evaluated the micro-array data separately for ER 
positive and ER negative tumors, the trend In correlation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend In correlation for ER positive tumors, but no trend In 
correlation for ER negative tumors. 
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finally, to validate our findings, we computed similar cor- 
relations between the breast cancer expression dBta and 
LPF scores generated by MedGene for hypertension, a 



disease unrelated to breast cancer. As expected, we did not 
observe an Increasing trend In correlation for hyperten- 
sion. 
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Table 2. Top 25 Genes Related to Selected Human Diseases* 
breast neoplasms 
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The Human Genome Project heralded a new era In biological 
•research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
and biological systems. High-throughput technologies can 
. provide novel Insight Into comprehensive biological function 
but also introduces new challenges. The utility of these 
technologies b limited to the ability to generate, analyze, and 
Interpret large gene lists. MedGene. a relational database 
derived by mining the Information In Medline, was created to 
address this need. MedGene users can query for a rank-ordered 
list of human gene-disease relationships fTable 2) for one or 
more diseases. Each entry Is hyperllnked to the original papers 
supporting each association and to other relevant databases. 

MedGene Is an Innovative extension of previous text mining 
approaches. Perez-lratteta et al, used the CO annotation and 
their chromosomal locations to predict genes that may con- 
tribute to inherited disorders.' MedGene takes a broader view 
and Includes all diseases and all possible gene-disease relation- 
ships. Furthermore, MedCcne utilizes co-cltatlon to Indicate a 
relationship rather than CO annotation, which Is limited to the 
subset or genes that have GO annotation. Our approach Is 
complementary to that taken by Chaussabel and Sher, who 
used the frequency of co-clted terms to cluster genes Into a 
hierarchy of gene-gene relationships.' 

A unique aspect of this tool Is the ability to assess the relative 
strengths of gene-disease relationships based on the frequency 
of both co-cltatlon and single citation. This presupposes that 
most co-cltatlons describe a positive association, often referred 
to as publication bias" and Is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
http.7/hlpseq.med.harvard.edu/MedGene/publlcatlon/s Ta- 
ble 3.htm0. Of course, relationships established by frequency 
of co-cltatlon do not necessarily represent a true biological link; 
however. It Is strong evidence to support a true relationship. 

Another Important feature of MedGene Is the Implementa- 
tion of software filters that substantially reduced the error rate. 
We estimate that less than 10% of all associations were missed 
and at least 70% of even the weakest associations were real 
For this study, all of the filters that we applied were general 
ones. e.g., expanding the list of all gene names to address the 
different syntax forms used by different Journals, eliminating 
gene names that correspond to common English words, etc. 
The majority of the remaining search term ambiguities were 
Idiosyncratic and difficult to Identify qrstematlcally without 
causing a significant rise In false negatives. Alternative ap- 
proaches, such as the examination of the nearest neighbor 
terms, need to be considered to further reduce the false positive 
rate. 

It Is not uncommon to see expression changes In micro- 
array experiments as small as 2-fold reported In the literature. 
Even when these expression changes are statistically significant, 
it is not always clear If they are biologically meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment or known disease-related genes to 
appear In the altered expression group. MedCene provided a 
unique opportunity to test this notion In the context of existing 
knowledge on a novel breast cancer micro-array dataset. For 
genes displaying a 5-fold change or less In tumors compared 
to normal, there was no evidence of a correlation between 
altered gene expression and a known role In the disease. This 
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Table 3. Genes with Large Expression Changes In ER- but 
Not In ER+ Breast Tumors 
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MYO10 
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12.2 


CCNB2 
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11.8 


CCNE2 
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11.6 


FOB 
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YAP1 
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LPHB 
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-10.4 
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-1.1 


-10.8 


TFF1 


1.3 


-11.4 


C0LI7A1 


-4.1 


-15.7 


P0P5 


1.1 


-16.2 


BPACJ 


-4.6 


-22.3 


PDZKJ 


-1.1 


-36.8 


VECFC 


-2.8 


-51.5 


MUCS 


-1.4 


-64.9 


SERP1NA5 


-1.0 


-83.1 


MEIS1 


-1.6. 


-85.9 


CA12 


2.4 


-150.3 



Table 3. MedCene Identified a set of relatively understudied, yet highly 
expressed gene* in ER negative, but not ER positive breast tumors. All of 
these genes have either never been co-cited with breast cancer or have a 
weak association except those marked with an *. 



reflects the many genes whose role In breast cancer may not 
Involve large changes In expression In sporadic tumors (e.g.. 
UKCA1 and BRCA2) and genes whose modest changes In 
expression may be unrelated to the disease. Strikingly, among 
genes with a 10-fold change or more In expression level, there 
was a strong and significant correlation between expression 
level and a published role in the disease, providing the first 
global validation or the micro-array approach to Identifying 
disease-specific genes. 

The results derived from MedCene have two Implications. 
First, a careful hunt for corroborating evidence of a role In 
breast cancer should precede any further study of genes with 
less than 5-fold expression level changes. Second, any genes 
with 10- fold changes or more arc likely to be related to breast 
cancer and warrant attention. It Is likely that this threshold will 
change depending on the disease as well as the experiment. 

Interestingly, the observed correlation was only found among 
ER-posltlve tumors, not ER-negatlve. This may reflect a bias 
In the literature to study the more prevalent type of tumor In 
the population. Furthermore, this emphasizes that caution 
must be taken when Interpreting experiments that may contain 
subpopulatlons that behave very differently. The MedCene 
approach Identified a set of relatively understudied, yet highly 
expressed genes In ER-negatlve tumors that are worthy of 
further examination (Table 3). 



Huetal. 

In conclusion, wa have developed an automated method or 
summarizing and organizing the vast biomedical literature. To 
our knowledge, the resulting database Is the most comprehen- 
sive and accurate of Its kind. By generating a score that reflects 
the strength or the association. It provides an Important too] 
for the rapid and flexible analysis of large datasets from various 
high-throughput screening experiments. Furthermore. It can 
be used for selecting subsets of genes for functional studies, 
for building disease-specific arrays, for looking at genes com- 
mon to multiple diseases and various other high-throughput 
applications. In the future. It will be possible to enhance the 
utility of the MedCene database by building links between 
genes and other MeSH terms as well as other biological 
processes and concepts, such as cell division and responses to 
small molecules. 
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